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Abstract 
Methane (CH4) and nitrous oxide (N2O) are highly potent greenhouse gases (GHGs) with long-term 
influences on the climate and global warming potentials of 34 and 298 times that of carbon dioxide, 
respectively. Man-made reservoirs and modified estuaries have been identified as significant 
aquatic sources of these GHGs. However, there are limited data of the spatial and temporal patterns 
of CH4 and N2O emissions from these aquatic systems and research on the sources and sinks of 
these gases are scarce. The lack of data is particularly pronounced for subtropical regions in the 
Southern Hemisphere. The main aims of this thesis are to investigate CH4 and N2O emissions from 
a selected subtropical estuary (Brisbane River estuary) and a reservoir (Gold Creek Reservoir) and 
to identify sources and sinks of these gases in the selected waterways. Methods which facilitate the 
accurate determination of CH4 and N2O emissions were examined and improved. 
 
The accurate determination of liquid and gaseous concentrations of CH4 and N2O is essential to 
investigate water-air fluxes, sediment-water fluxes and production and consumption processes in 
the water column of aquatic systems. A systematic assessment of Exetainer vials, which are 
commonly used as sampling and measurement vials for the determination of liquid and gaseous 
CH4 and N2O, was conducted. Varying residual air pressure between 0.071 ± 0.008 atm and 0.180 ± 
0.031 atm in commercially available, pre-evacuated Exetainer vials was detected leading to 
potentially substantial background contaminations for emission and liquid phase measurements of 
CH4 and N2O. Thus, a pre-treatment is suggested which reduces the background of CH4 and N2O 
concentrations to the best possible result of approximately 3-4% of their respective concentrations 
in air by flushing vials with nitrogen gas for 5 minutes or alternatively for gaseous samples by 
flushing with the sampling gas.  
 
Methane
 
emissions in the Gold Creek Reservoir were mainly resulting from ebullition (60 to 99%) 
rather than from diffusive fluxes. Averaged CH4 emissions ranged between 
414 and 306,000 µmol CH4 m-2 d-1 among eight sampling sites. Nitrous oxide emissions, ranging 
between 0.6 and 4.2 µmol N2O m-2 d-1, were primarily driven by diffusion. The findings stressed the 
importance of monitoring CH4 emissions with appropriate spatial resolution and methods to ensure 
capture of ebullition zones. In contrast, the assessment of N2O can concentrate on diffusive 
emissions. A closer investigation at two sites showed that highest dissolved CH4 concentrations 
were found in the anoxic zones of hypolimnion (600 ± 28 µmol CH4 L-1) and sediment pore waters 
indicating the sediments as a main source of CH4. Highest dissolved N2O concentrations were 
found in the epilimnion (0.017 ± 0.001 µmol N2O L-1) and metalimnion 
 II 
(0.023 ± 0.004 µmol N2O L-1), where oxic or oxic/anoxic conditions may have facilitated N2O 
production by nitrification or denitrification.  
 
The Brisbane River estuary was shown to be an overall source of CH4 and N2O with surface water 
concentrations ranging between 0.048 ± 0.001 and 0.687 ± 0.012 µmol CH4 L-1 and between 
0.01 ± 0.003 and 0.02 ± 0.0004 µmol N2O L-1 for CH4 and N2O, respectively, determined at 16 
sampling sites. Average CH4 emissions ranged between 136 and 2,603 µmol CH4 m-2 d-1 detected at 
three selected sites located in the upper, middle and lower reaches. Average N2O emissions ranged 
between 3.5 and 25.2 µmol N2O m-2 d-1 among the three sites. Large variations in emissions were 
measured over the tidal cycle at two of the sites in the middle and lower reaches. For CH4, elevated 
emissions were measured just before or at slack tides. Nitrous oxide emissions varied but no clear 
changes with the tidal cycle were detected. High tidal cycle and spatial variability highlighted the 
need for an adequate and comprehensive sampling when measuring estuarine emissions. Of the 
factors influencing the observed spatial and temporal patterns of CH4 and N2O emissions, tidal 
currents and surface water concentrations were shown to play an important role. Wind induced 
turbulence contributed to the emissions, but this did not explain the magnitude and variations in 
emissions. Furthermore, results from thin boundary layer models, where wind and current speed 
models are used to determine the gas transfer coefficient (k) were compared to k derived from 
floating chamber flux measurements. However, k could not be successfully calculated based on six 
wind and five current speed models alone or in combination at any of the three estuarine sampling 
sites in comparison to k calculated from the measured emissions. These results stress the importance 
for direct emission measurements obtained by floating chambers in highly variable systems like the 
Brisbane River estuary. Sediments were shown to be estuarine sources for CH4 and N2O, whereas 
the water column was identified as a sink for CH4 and neither a sink nor a source for N2O. 
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Chapter 1: Introduction 
Methane (CH4) and nitrous oxide (N2O) are highly potent greenhouse gases (GHGs) with global 
warming potentials of 34 and 298 times that of carbon dioxide, respectively, and therefore have 
long-term influences on the climate. Thus, there is a growing interest in monitoring the emissions of 
CH4 and N2O from natural and engineered systems, including aquatic systems such as reservoirs 
and estuaries (Kiese et al. 2003; Allen et al. 2007; Ferron et al. 2007; DelSontro et al. 2010). 
 
Man-made reservoirs are now considered significant contributors of CH4 and N2O, particularly CH4 
(St. Louis et al. 2000; Barros et al. 2011; Bastviken et al. 2011). Recent emphasis to study CH4 
emissions from freshwater reservoirs (St. Louis et al. 2000; Barros et al. 2011; Bastviken et al. 
2011; Demarty and Bastien 2011) has stimulated an increase in CH4 monitoring investigations. 
However, studies of N2O emissions from reservoirs are lacking (Mengis et al. 1997; Seitzinger and 
Kroeze 1998), despite N2O being a more potent GHG than CH4. Studies on both gases including 
investigations of their emission pathways, sources and sinks are particularly limited in 
subtropical/tropical regions of the Southern Hemisphere. This includes the whole continents like 
Australia (St. Louis et al. 2000; Mendonça et al. 2012; Ortiz-Llorente and Alvarez-Cobelas 2012) - 
a country with over 2,300 reservoirs covering a surface area in excess of 5,700 km2 at full supply 
(Geoscience Australia 2004). This shortfall forms a large gap in the understanding of global CH4 
and N2O emissions from reservoirs and their sources and sinks. Freshwater reservoirs in subtropical 
and tropical regions of Australia provide ideal conditions for the production, consumption, and 
emissions of these gases. High inputs of organic carbon due to irregular and heavy precipitation 
events together with elevated temperatures and deoxygenated bottom waters of these reservoirs 
provide conditions that enhance CH4 production and emissions (Fearnside 1995; Galy-Lacaux et al. 
1999; Demarty and Bastien 2011). The steep oxygen gradients and high ammonium turnover found 
in subtropical reservoirs will likely favour N2O production as well (Guerin et al. 2008). 
 
Although estuaries have been identified as natural sources of CH4 and N2O (Bange et al. 1994; 
Bange et al. 1996; Seitzinger et al. 2000), global estuarine CH4 and N2O emission estimates show 
high spatial and temporal variability (Law et al. 1992; Middelburg et al. 2002; Abril and Borges 
2005). The contribution of estuaries to the global CH4 and N2O budgets is thus still uncertain 
(Ferron et al. 2007), and there were few studies reported to day that examined the production and 
consumption processes that ultimately determine CH4 and N2O emissions from these aquatic 
systems. The lack of data is especially pronounced for estuaries in subtropical/tropical regions, 
particularly in the Southern Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012), including 
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Australia. These systems are likely to form an important component of the Australian GHG budgets 
as they occupy a relatively large surface area, over 38,000 km2 in Australia (Geoscience Australia 
2014). Estuarine CH4 and N2O emissions and surface water concentrations are typically measured at 
a fixed time, often in combination with spatial surveys along the estuary and possibly repeated over 
seasons. While this sampling may be adequate to capture spatial variations along estuaries at a fixed 
point in time and general seasonal patterns, it cannot measure tidal and diurnal cycle variability of 
CH4 and N2O emissions or concentrations although changes can be significant (Allen et al. 2007; 
Ferron et al. 2007; Tong et al. 2013; Maher et al. 2015). These significant changes are important to 
be captured especially when the results are used to estimate estuarine GHG budgets of CH4 and 
N2O. Large uncertainties and variations are also associated with the determination of the water-air 
gas transfer velocity of CH4 and N2O in estuaries and rivers (Raymond and Cole 2001), often used 
for emission estimates with the thin boundary layer approach. Estimating the gas transfer velocity 
may pose a pronounced source of error and studies investigating the interplay of different 
parameters controlling the gas transfer velocity are rare. 
1.1 Overall thesis aims 
The overall aim of this thesis is to gain better understanding of CH4 and N2O emissions from a 
selected subtropical estuary (Brisbane River estuary) and a reservoir (Gold Creek Reservoir) in 
South East Queensland, Australia. Sources and sinks of these gases as well as spatial and temporal 
emission patterns in the selected waterways are identified and methods which facilitate the accurate 
determination of CH4 and N2O emissions were examined and improved. The hypothesis is that 
subtropical reservoirs and estuaries contribute to global CH4 and N2O emissions and that spatial as 
well as temporal variations need to be assessed to evaluate these waterways. The results obtained 
are likely to be globally relevant as the chosen reservoir and estuary for this research can be model 
systems for specific subtropical aquatic habitats which experience heavy, unpredictable rainfall 
events as well as higher temperatures than temperate systems. Subtropical systems with these 
characteristics can provide insight into the possible impacts that a warming climate will have on 
temperate systems. 
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1.2 Thesis organisation 
Chapter 2 presents a comprehensive literature review to outline the current knowledge as well as 
knowledge gaps, which leads to the thesis research objectives. 
 
Chapter 3 describes the identified research objectives of this thesis. 
 
Chapter 4 describes the systematic assessment of Exetainer vial usage for the accurate 
determination of liquid and gaseous CH4 and N2O samples. This is essential to investigate water-air 
fluxes, sediment-water fluxes and production and consumption processes in the water column of 
aquatic systems.  
 
Chapter 5 investigates CH4 and N2O emissions, and the production and consumption processes of 
these gases in the Gold Creek Reservoir. A detailed field investigation of CH4 and N2O emissions 
was conducted at two sites (one deep and one shallow) including the measurements of total water-
air fluxes, water column and pore water concentrations. Diffusive water-air fluxes were estimated at 
both sites to determine the primary emission pathways of CH4 and N2O. The spatial and temporal 
variation in the CH4 and N2O emission data from the two sites was examined and validated at eight 
sites across the reservoir. Laboratory sediment-water flux incubations of the shallow site gave 
further insight of CH4 and N2O production and consumption processes.  
 
Chapter 6 investigates CH4 and N2O sources and sinks in the Brisbane River estuary. Field 
measurements of surface water and sediment pore water concentrations of these gases and 
laboratory incubation experiments (i.e. water column and sediment-water incubations) were 
performed to identify the contribution of the water column, estuarine sediments, influent creeks and 
effluent discharge from a wastewater treatment plant to the budget of these greenhouse gases. 
Sampling was conducted at 16 sites along the estuary with more detailed studies at three of these 
sites, located in the lower, middle and upper estuarine reaches. 
 
Chapter 7 investigates the tidal and spatial variability of CH4 and N2O emissions along a gradient 
of the Brisbane River estuary. Sampling was conducted at three estuarine sections in the upper, 
middle and lower reaches and over two tidal cycles in the years of 2013 and 2014. The measured 
gaseous CH4 and N2O emissions were interpreted and analysed with the measured CH4 and N2O 
surface water concentrations, wind speed and current speed. The study outcomes highlighted the 
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variations in emissions and surface water concentrations that are important to consider in sampling 
designs for estuaries. 
 
Chapter 8 investigates the applicability of the thin boundary layer approach to estimating CH4 and 
N2O emissions in the lower, middle and upper reaches of the Brisbane River estuary. For this, the 
floating chamber method was used to calculate the gas transfer coefficient k and these calculated 
coefficients were compared to predictions of k derived from six frequently used wind-based and 
five frequently used current-based models and each combination of these. This study further aims to 
reveal whether wind or current could be the dominating driver for the emission. 
 
Chapter 9 summarises the main thesis conclusions and discusses recommendations for future 
research.  
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Chapter 2: Literature review 
2.1 Greenhouse gases, sources and sinks 
2.1.1 The climate system 
The Earth’s climate system is very dynamic and interacts with the atmosphere, hydrosphere, 
cryosphere, land surfaces, and biosphere (IPCC 2013). Perturbations to the climate system include 
both anthropogenic forces such as human-induced emissions of greenhouse gases (GHGs) or land-
use changes and natural forces e.g. short-term perturbations such as volcanic eruptions or solar 
variations (Change et al. 2001). Sunlight can be reflected back to space by components within the 
atmosphere (e.g. clouds, aerosols) and surfaces of the Earth (e.g. snow, desert). The Earth’s surface 
and atmosphere absorb the energy which is not reflected back to the space. By emitting outgoing 
long-wave radiation the Earth balances on average the same amount of incoming solar energy it 
receives back to space. The Earth’s surface temperature is influenced by the presence of greenhouse 
gases (GHGs, described in Chapter 2.1.2) which absorb and re-emit most of the long-wave radiation 
from the Earth’s surface, an effect called the natural greenhouse effect (Wuebbles and Hayhoe 
2002; Casper 2010). The natural greenhouse effect is intensified by the enhanced release of GHG 
from anthropogenic (human created) activities such as burning of fossil fuels, agriculture or 
deforestation and natural activities e.g. in oceans and plants (Dawson and Spannagle 2009) that 
release GHGs. Increasing GHG emissions impacts global warming and caused Earth’s surface 
temperature increases. Over the course of their lifetime, GHGs can be transferred between different 
global reservoirs such as the atmosphere, waterways or soils. The process of transfer between these 
reservoirs is called flux. Fluxes can be distinguished as fluxes going into a reservoir, which 
represent a sink for GHGs, and fluxes going out of a reservoir, which will be a source of GHGs. For 
the case when gases move into the atmosphere, the term emission is used (EPA 2010). 
2.1.2 Atmospheric methane and nitrous oxide 
Nitrogen (N) and oxygen (O2) are the most abundant gases in the atmosphere (78% and 21% 
respectively) but they have very small influence on the greenhouse effect. The highest impacts are 
given by water vapour and carbon dioxide (CO2), followed by a lower contribution of methane 
(CH4), nitrous oxide (N2O), ozone and halocarbons (Wuebbles and Hayhoe 2002; IPCC 2013). CO2 
is the standard unit to which all other GHGs are referred to and has a global warming potential 
(GWP) of one (GWP = 1) with an assumed atmospheric residence time of 100 years (Dawson and 
Spannagle 2009). In comparison, the GWP of CH4 and N2O is 34 and 298 times that of CO2, 
respectively, based on a 100-year time horizon (Myhre et al. 2013). Methane remains about 
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12.4 years in the atmosphere before it is completely removed and N2O has an atmospheric lifetime 
about 121 years (Myhre et al. 2013).  
 
Prior to the year 1750 or the industrial era, GHG levels were relatively stable with atmospheric CH4 
concentrations of 722 ± 25 ppb and N2O concentrations of 270 ± 7 ppb (Fig. 2-1, Hartmann et al. 
2013). GHG levels were determined by analysis of air trapped in ice cores or in firn (snow 
persisting for at least one year) that were dated. Atmospheric concentrations in 2011 were 
approximately 1,803 ppb for CH4, 150% greater than before 1750 and 324 ppb for N2O, an increase 
by 20% since 1750 (Fig. 2-1, Hartmann et al. 2013). Consequently, it is proposed that the increases 
in atmospheric CH4 and N2O since the industrial era are largely due to increasing anthropogenic 
activities (Ciais et al. 2013). Between 1970 and 2004 the global economy grew by 77% and the 
world’s population increased by 69% (Dawson and Spannagle 2009). 
 
Figure 2-1: Atmospheric CH4 and N2O concentrations from year 0 to 1750 (left side graphs) and over the industrial era 
(right side graphs). Dots represent data determined from ice cores and firn air. Lines represent data from direct 
measurements of the Cape Grim observatory. Modified from Ciais et al. (2013). 
2.1.3 Sources and sinks of methane 
A global CH4 budget estimate for the decade of 2000-2009 revealed total emissions due to 
anthropogenic and natural sources was 678 Tg CH4 yr-1, with a range of 542-852 Tg CH4 yr-1 (Ciais 
et al. 2013). The total loss of atmospheric CH4 was given as 632 Tg CH4 yr-1, with a range of 592-
785 Tg CH4 yr-1. The wide ranges in estimated CH4 emissions and losses reveal high uncertainties 
associated with the global budget estimate. The atmospheric CH4 accumulation rate is observed to 
be 6 Tg CH4 yr-1 since 2000 (Kirschke et al. 2013). Methane emissions can result from human 
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activities and/or natural processes. Anthropogenic sources are shown to be dominant over natural 
sources and account for 50-65% of the global CH4 emissions (Ciais et al. 2013). Anthropogenic 
CH4 sources include sewage and waste, landfills, rice paddies, agriculture, animal farms and fossil 
fuel handling (Khalil and Rasmussen 1983; Wuebbles and Hayhoe 2002). Natural CH4 sources exist 
and these include wetlands, aquatic systems such as lakes or rivers, wildfires, thawing permafrost, 
hydrates or wild animals. Methane is mainly formed by microbial methanogenesis (details below) 
under anoxic conditions (Canfield et al. 2005). Sinks for CH4 are mainly through the oxidation by 
hydroxyl radicals mostly in the troposphere and stratosphere, accounting for 90% of the global CH4 
sink, but also through the oxidation by methanotrophic bacteria (details below) and transport to the 
stratosphere (Ciais et al. 2013; Kirschke et al. 2013). This thesis focuses on two types of aquatic 
systems, reservoirs and estuaries. In sulfate-rich environments e.g. estuaries or oceans, CH4 
production can be strongly inhibited (Poffenbarger et al. 2011; Marton et al. 2012) as methanogens 
and sulfate-reducing bacteria compete for electron donors such as hydrogen or acetate (Oremland 
and Polcin 1982; Kristjansson and Schönheit 1983).  
 
According to the EPA (2010) the average estimate of total annual CH4 emissions by the open ocean 
and estuaries was 3.7 Tg CH4 yr-1 in the year 2010 (Table 2-1). Lakes and rivers had estimated 
annual emissions of 40 Tg CH4 yr-1 (Ciais et al. 2013). The total amount of annual emission by 
these water bodies represents about 6.5% of the total global CH4 emissions. The wide ranges in the 
estimated annual CH4 emissions reveal high uncertainties associated with the global budget estimate 
for these systems. Further, the majority of studies has been conducted in temperate systems and not 
in tropical / subtropical systems as well as in the Northern Hemisphere and not in the Southern 
Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012). Reservoirs and water bodies formed by 
dams are man-made and include those for hydropower, agriculture, drinking water purposes, flood 
control, recreation or aquaculture (St. Louis et al. 2000; Barros et al. 2011). These water bodies 
have impact on global GHG emissions, with estimated annual CH4 emissions of 48 Tg CH4 yr-1 
from human-made reservoirs (Barros et al. 2011; Kirschke et al. 2013); representing about 7% of 
the total global CH4 emissions. However, the annual CH4 emissions by reservoirs, which were 
shown to be higher than the annual CH4 emissions from lakes and rivers, as well as the emissions 
by estuaries were not included in the latest IPCC report (Ciais et al. 2013).  
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Table 2-1: Natural CH4 emissions and their ranges from the open ocean, estuaries, lakes and rivers and reservoirs. 
 Annual CH4 emissions 
[Tg CH4 yr-1] 
Ranges in annual CH4 emissions 
[Tg CH4 yr-1] 
Open ocean* 1.8 1-4 
Estuaries* 1.9 not reported 
Lakes and rivers** 40 8-73 
Reservoirs*** 48 not reported 
*EPA (2010), **Ciais et al. (2013), ***Barros et al. (2011) and Kirschke et al. (2013) 
 
In reservoirs and estuaries, which are the two aquatic study systems in this thesis, it is difficult to 
identify sources and sinks for CH4. Methane sources and sinks in these systems may comprise of a 
water column and sediments (Hovland et al. 1993; Lima 2005; Bange 2006; Guerin and Abril 2007; 
Zhang et al. 2008; Barros et al. 2011), tributary streams (Ferron et al. 2007; Call et al. 2015), and 
sewage discharges (De Angelis and Scranton 1993; Teixeira et al. 2010). A number of studies 
which have investigated CH4 sources and sinks found that CH4 concentrations and fluxes are higher 
in systems surrounded by forests and peatlands (Jones and Mulholland 1998; Hope et al. 2001; 
Dawson et al. 2004). Studies showed also that tidal pumping influences CH4 concentrations directly 
by providing groundwater enriched in solutes to the surface water (Bouillon et al. 2007; Kristensen 
et al. 2008; Santos et al. 2012; Call et al. 2015; Maher et al. 2015). Ebullition is shown to be the 
dominant emission pathway for CH4 in tropical reservoirs without continuous water release (Devol 
et al. 1988; Keller and Stallard 1994; Joyce and Jewell 2003; Soumis et al. 2005; DelSontro et al. 
2011; Grinham et al. 2011). Diffusion over the water-air interface and plant-mediated transport 
from littoral zones are thought to play lesser roles in CH4 emissions (Bastviken et al. 2004). Factors 
controlling CH4 ebullition in lake systems such as hydrostatic pressure or barometric pressure are 
relatively well known (Joyce and Jewell 2003; Bastviken et al. 2004; Ortiz-Llorente and Alvarez-
Cobelas 2012); however, the dynamics and the spatial distribution of ebullition are not well 
understood (Ramos et al. 2006; Ostrovsky et al. 2008; DelSontro et al. 2011). For estuaries, 
emission pathways predominantly occur by diffusion over the water-air interface, plant-mediated 
transport from littoral zones and ebullition from sediments (Borges and Abril 2011). Ebullition of 
CH4 in estuaries depends strongly on the variations in tidal height, and is observed to occur almost 
exclusively at low tide and mostly in shallow systems such as freshwater tidal flats and marshes 
(Chanton et al. 1989; Kelley et al. 1995; Middelburg et al. 1996).  
 
Methanogenesis: Methane is biologically produced in the pathway of methanogenesis under anoxic 
conditions found in different environments such as freshwater and marine sediments or water 
columns, wetlands, soils, landfills, rice fields or the guts of animals (Canfield et al. 2005). This 
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pathway in mediated by microorganisms, it produces most CH4 on Earth and is the final step in the 
fermentation of organic matter (Knittel and Boetius 2009). During methanogenesis CO2 is reduced 
to CH4 primarily by hydrogen gas (H2), Eq. (2-1). A few other substrates such as acetate, formate, 
carbon monoxide, ethanol, methanol or certain alcohols can also be converted to CH4 (Ferry and 
Lessner 2008; Madigan et al. 2012). The microbes responsible for methanogenesis are called 
methanogens, which belong to the group archaea and are strict anaerobes.  
 
From the current knowledge, methanogens belong to six orders within the archaea, these are: 
Methanomicrobiales, Methanosarcinales, Methanocellales, Methanobacteriales, Methanococcales 
and Methanopyrales (Borrel et al. 2011). 
 
CO2 + 4 H2 → CH4 + 2 H2O (2-1) 
 
Methanotrophy: Methanotrophy is the microbial oxidation of CH4 and a major sink for CH4 thus 
playing an important role in reducing CH4 emissions. Methane which is produced in environments 
such as sediments or the water column can be oxidised by methanotrophs before it reaches water 
surfaces and is emitted into the atmosphere (Hu et al. 2009; Knittel and Boetius 2009). This process 
can occur under aerobic conditions as well as under anoxic conditions when methane oxidation is 
coupled to sulfate reduction, nitrate/nitrite reduction or iron and manganese reduction (Canfield et 
al. 2005; Beal et al. 2009; Ettwig et al. 2010).  
 
Aerobic methane oxidation: In the pathway of aerobic methane oxidation, microorganisms oxidise 
CH4 into CO2 under aerobic conditions (Segers 1998; Ferry and Lessner 2008). In the oxidation 
pathway of aerobic methanotrophy, the metabolic intermediates methanol, formaldehyde and 
formate are produced (Hanson and Hanson 1996). Methane is converted to methanol by the enzyme 
methane monooxygenase. Most aerobic methanotrophs can only grow on CH4 or methanol and 
belong to four families of bacteria. These are Methylococcaceae and Mthylocystaceae of the γ-
Proteobacteria, Beijerinckiaceae of the α-Proteobacteria and Methylacidiphilaceae of the 
Verrucomicrobia (Borrel et al. 2011). The ubiquitous methanotrophs are found in several 
environments, usually above anoxic CH4 production zones where CH4 and O2 meet, such as soils, 
aquatic systems and sewage sludge (Modin et al. 2007). Aerobic methane oxidation has a high 
influence on the global, atmospheric CH4 inventory. A conversion of CH4 into CO2 will cause less 
affect on the climate system due to the lower GWP of the latter (Wahlen 1993). 
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There is evidence in literature that aerobic methane oxidation can be coupled to denitrification 
(Eisentraeger et al. 2001; Modin et al. 2007; Modin et al. 2010). In this pathway, aerobic 
methanotrophs oxidise CH4 and the end products are organic compounds which can be further used 
as electron donors by denitrifiers for the pathway of denitrification (described in Chapter 2.1.4). 
This process has so far been observed in lab scale reactors only (Eisentraeger et al. 2001; Modin et 
al. 2010). 
 
Anaerobic methane oxidation: The anaerobic oxidation of methane (AOM) is mediated by three 
known archaeal groups, ANME-1, ANME-2 and ANME-3. These microorganisms are commonly 
coupled to sulfate reducing bacteria (Strous and Jetten 2004; Knab et al. 2008; Meulepas et al. 
2010; Deutzmann and Schink 2011). During the process of AOM coupled to sulfate reduction, CH4 
is anaerobically oxidised with sulfate (SO42-) as the electron acceptor, Eq. (2-2). Little is known 
about the microorganisms involved in this pathway and the mechanism of the pathway (Hanson and 
Hanson 1996; Caldwell et al. 2008; Borrel et al. 2011). It is proposed that methanogenic substrates 
might act as potential intermediates during electron exchange between AOM members. According 
to Sorensen et al. (2001) hydrogen, acetate, and methanol are not feasible intermediates at low CH4 
concentrations. Strous and Jetten (2004) found acetate as the thermodynamically favourable 
intermediate at high CH4 concentrations and formate at lower CH4 concentrations. Alperin and 
Hoehler (2009) found by using a spherical diffusion-reaction model that hydrogen, formate, and 
acetate are thermodynamically and physically possible intermediates in anaerobic methane 
oxidation coupled to SR. AOM coupled to sulfate reduction has been detected in different anaerobic 
environments such as marine ecosystems, freshwater lakes, rice paddies, landfills and at 
temperatures between 4 and 30 °C or even higher (Strous and Jetten 2004; Ettwig et al. 2008; 
Deutzmann and Schink 2011), and therefore is likely widespread in anaerobic environments. 
 
CH4 + SO42- → HCO3- + HS- + H2O (2-2) 
 
Anaerobic methane oxidation can also use other electron acceptors than sulfate. Denitrification 
coupled to anaerobic methane oxidation (DAMO) is a recently discovered microbial anaerobic 
pathway, which acts as a link between the nitrogen and carbon cycles (Raghoebarsing et al. 2006; 
Ettwig et al. 2008; Hu et al. 2009; Haroon et al. 2013). In this pathway, nitrate and nitrite are used 
as the electron acceptors to oxidise CH4. The DAMO process was initially found in mixed 
communities consisting of both bacteria and archaea (Raghoebarsing et al. 2006). Ettwig et al. 
(2010) found later that this pathway can be conducted by bacteria alone and in the absence of 
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archaea. The microorganisms were shown to generally grow slowly (Hu et al. 2009; Modin et al. 
2010). The DAMO process was found in laboratory research with freshwater lake sediments, 
freshwater canal sediment, sediments from ditches draining agricultural land, anaerobic digester 
sludge and return activated sludge from a sewage treatment plant (Raghoebarsing et al. 2006; 
Ettwig et al. 2008; Hu et al. 2009). There is hardly any knowledge about the contribution of the 
DAMO pathway to the global nitrogen and carbon cycles and budgets. 
 
Anaerobic methane oxidation was also shown to be coupled to iron and manganese reduction in 
methane-seep sediments (Beal et al. 2009). As large amounts of iron and manganese can be found 
in aquatic systems such as oceans and rivers, this pathway could represent an important CH4 sink. 
However, there are still large uncertainties in regard to the process and identity of microorganisms.  
2.1.4 Sources and sinks of nitrous oxide 
A global N2O budget estimate for the year 2006 revealed total emissions of 17.9 Tg N2O-N yr-1, 
with a range of 8.1-30.7 Tg N2O-N yr-1 due to anthropogenic and natural sources (Ciais et al. 2013). 
The stratospheric sink of N2O was given as 14.3 Tg N2O-N yr-1, with a range of 4.3-
27.2 Tg N2O yr-1. Although N2O is well-mixed in the troposphere, up to 90% of the N2O is lost 
through photolysis by ultraviolet radiation in the stratosphere, approximately 10-50 km above the 
Earth's surface (Butenhoff and Khalil 2007). As previously observed for CH4, N2O estimates for 
emissions and losses range widely indicating high uncertainties associated with the global budget 
estimate. Nitrous oxide is seen to be accumulating in the atmosphere at a rate of 3.6 Tg N2O-N yr-1 
since 2000. The magnitude of N2O emissions evoked by human activities is similar to that of 
natural sources. However, anthropogenic N2O emissions nowadays compared to that estimated in 
the year 1900 have increased by a factor of 8. The main anthropogenic N2O source is caused by use 
of synthetic fertilisers and manure applications for agriculture. Atmospheric increases of N2O from 
anthropogenic sources are also caused by cattle farms, leguminous crops and forages, various 
industrial activities, sewage treatment, acid production and fossil fuel combustion (Mosier et al. 
1998; Machefert et al. 2004; Ciais et al. 2013). These human activities enhance N2O production in 
soils and sediments and subsequent N2O emissions to the atmosphere (Change et al. 2001; 
Machefert et al. 2004; Ciais et al. 2013). The use of nitrogen fertilisers for food production is likely 
responsible for 80% of the enhanced atmospheric N2O (Kroeze et al. 1999). Natural N2O sources 
include N2O from aquatic systems (such as estuaries, rivers, open oceans or coastal seas), soils and 
formation in the atmosphere (Seitzinger et al. 2000; Bange 2006; Forster et al. 2007; IHA 2010). 
The majority of atmospheric N2O is of biogenic origin, which means that it is produced by 
microbial processes found in aquatic and terrestrial systems (Freing et al. 2012; Ciais et al. 2013). 
   
 Chapter 2 
 
14 
Nitrous oxide can be produced under oxic conditions as a by-product of nitrification (details below), 
or under anoxic conditions as well as oxic-anoxic interfaces, as an intermediate of denitrification 
(details below) (Ward 1996; Codispoti et al. 2001). Nitrous oxide production has also been 
observed in the processes of coupled nitrification-denitrification (Jetten 2001), nitrifier 
denitrification (Wrage et al. 2001) and dissimilatory nitrate reduction to ammonium (Rütting et al. 
2011); however, the importance of these pathways needs to be further quantified. Denitrifying 
organisms can also contribute to consumption of N2O by reducing N2O to nitrogen gas (Ward 1996; 
Codispoti et al. 2001). 
 
Nitrous oxide emissions by the open ocean, estuaries, rivers and coastal zones were estimated to 
total 4.4 Tg N2O-N yr-1 (Table 2-2) in the year 2013 (Ciais et al. 2013). This emission represents 
about 25% of the total global N2O emissions to the atmosphere. The wide ranges in annual N2O 
emissions by the presented waterways (Table 2-2) show that these natural sources are poorly 
constrained. The contribution of lakes and reservoirs to the total annual N2O emissions has not been 
quantified yet stressing that these systems are not well studied. 
Table 2-2: Natural N2O emissions and their ranges from the open ocean, estuaries, rivers, costal zones, lakes and 
reservoirs. 
 Annual N2O emissions  
[Tg N2O-N yr-1] 
Ranges in annual N2O emissions  
[Tg N2O-N yr-1] 
Open ocean* 3.8 1.8-9.4 
Estuaries, rivers, coastal zones* 0.6 0.1-2.9 
Lakes not reported not reported 
Reservoirs not reported not reported 
*Ciais et al. (2013) 
 
In reservoirs and estuaries, which are the two aquatic study systems in this thesis, sources and sinks 
for N2O may include the water column and sediments (Law et al. 1992; Mengis et al. 1997; Guerin 
et al. 2008; Zhang et al. 2010), tributary streams (Ferron et al. 2007), and sewage discharges 
(Toyoda et al. 2009; Beaulieu et al. 2010). High N2O concentrations and fluxes are observed in 
systems receiving freshwater inputs from streams or groundwater, especially if the surrounding land 
applied fertilizer and the runoff entered the freshwater (Mosier et al. 1998; McMahon and Dennehy 
1999; Machefert et al. 2004). The primary emission pathway for N2O from tropical reservoirs 
without continuous water release to the atmosphere has been shown to be by diffusion over the 
water-air interface (Guerin et al. 2008). For estuaries, N2O is probably transported from the 
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sediments or the water column to the overlying water column or to the atmosphere by diffusion, 
plant-mediated transport or by ebullition from sediments (Middelburg et al. 1995).  
 
Autotrophic nitrification: Nitrification is a microbial process including two steps that oxidise 
ammonia (NH3) to nitrate (NO3-) with O2 as the electron acceptor. The process is carried out under 
aerobic conditions. Nitrifying organisms are chemolithoautotroph and conserve energy by the 
oxidation of inorganic nitrogen compounds such as NH3 (Ward 2008; Ward and Arp 2011; Madigan 
et al. 2012). They use CO2 as their carbon source for growth. During the two-step nitrification 
process, several enzymes are required and intermediates are formed. In the first step ammonia 
oxidising bacteria (AOB) or ammonia oxidising archaea (AOA) convert NH3 to nitrite (NO2-). So 
far well-known AOB are Nitrosomonas, Nitrosospira, Nitrosovibrio, Nitrosolobus and 
Nitrosococcus (Herbert 1999; Fiencke et al. 2005). In recent years aerobic ammonia oxidation by 
mesophilic Crenarchaeota was discovered, these AOA being ubiquitous in marine waters and 
sediments (De Long 1992; Francis et al. 2007; Dang et al. 2008). The first step of nitrification 
(Fig. 2-2), ammonia oxidation is carried out by the membrane-bound ammonia monooxygenase 
where hydroxylamine (NH2OH) and H2O are produced. In the following step, the periplasmic 
enzyme hydroxylamine oxidoreductase (HAO) further oxidises NH2OH to NO2- (Hooper et al. 
1997). There is evidence that N2O is formed by reducing nitric oxide (NO) derived from oxidation 
of the intermediate NH2OH and reduction of the intermediate NO2- (Usui et al. 2001; Wrage et al. 
2001; Mathieu et al. 2006; Ward 2008; Stein 2011; Ward 2011).  
 
 
Figure 2-2: Outline of the nitrification pathway and enzymes involved. Modified from Wrage et al. (2001). 
In the second step of nitrification (Fig. 2-2) NO2- is oxidised to NO3- by nitrite oxidising bacteria 
such as Nitrobacter, Nitrospira, Nitrospina and Nitrococcus (Herbert 1999; Fiencke et al. 2005). 
This nitrification step is carried out in a one-step reaction by the enzyme nitrite oxidoreductase and 
has no known intermediates (Ward 2008). Characterisation of nitrification shows it is influenced by 
factors such as substrate availability, pH and alkalinity, temperature, dissolved oxygen (DO) 
concentrations, carbon to nitrogen (C/N) ratio and inhibitory compounds (Lin et al. 2009; Peng et 
al. 2014). 
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Heterotrophic nitrification: Nitrification is not limited to the autotrophic process where nitrifying 
organisms derive carbon for growth from CO2. During heterotrophic nitrification, carbon for growth 
is derived from organic carbon. Ammonia or reduced nitrogen are oxidised to hydroxylamine, NO2- 
and NO3- (Wrage et al. 2001; Hayatsu et al. 2008). Bacteria and eukaryotes (mostly fungi) carry out 
heterotrophic nitrification (Wrage et al. 2001; Ward 2008; Stein 2011). Although substrates, 
intermediates and products are the same, different enzymes are responsible for the autotrophic and 
heterotrophic nitrification processes. Especially the enzyme for HAO in heterotrophic nitrification 
is different as it is smaller and simpler. Even though heterotrophic nitrification is seen as a minor 
N2O source it was found that the N2O production per cell of heterotrophic nitrifiers is higher than 
that of autotrophic nitrifiers (Anderson et al. 1993; Wrage et al. 2001). Favourable conditions for 
heterotrophic nitrifiers include low pH and high amounts of oxygen and organic matter (van Niel et 
al. 1993; Wrage et al. 2001; Ward 2008). 
 
Denitrification: Denitrification is the dissimilative reduction of NO3- to dinitrogen (N2) under 
anoxic conditions. Nitrate can be reduced biologically to NO2-, and then to the gaseous NO, N2O 
and N2 (Fig. 2-3). Nitrous oxide is a regular intermediate during the pathway of denitrification. The 
enzymes involved in the denitrification process are nitrate reductase, nitrite reductase, nitric oxide 
reductase and nitrous oxide reductase (Zumft and Korner 1997; Wrage et al. 2001). The activity of 
these enzymes is repressed by O2. Nitrate reductase is a membrane-integrated enzyme performing 
nitrate reduction to NO2-. In the following step, the nitrite reductase reduces NO2- to NO, then NO is 
reduced to N2O by nitric oxide reductase. The final step of the denitrification is by the periplasmic 
enzyme (Zumft and Korner 1997) nitrous oxide reductase where N2O is reduced to N2. Denitrifiers 
are widespread in the bacterial domain and capable genera are Bacillus, Thiobacillus, Pseudomonas 
and Propionibacterium, and includes many types within the kingdom of the Proteobacteria (Zumft 
1997; Herbert 1999). Also some archaea and fungi are able to denitrify (Devol 2008). These 
microorganisms are mostly facultative anaerobes using NO3- or NO2- as electron acceptors. 
Denitrification is in general influenced by various factors such as the availability of carbon and 
NO3-, DO, pH and temperature (Wrage et al. 2001; Lin et al. 2009). The upper O2 concentration 
limit under which denitrification can take place is 5 µM in marine environments (Devol 2008). 
However, most denitrification processes take place at O2 concentration levels below 2 µM 
(Seitzinger et al. 2006; Devol 2008).  
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Figure 2-3: Outline of the denitrification pathway and enzymes involved. Modified from Wrage et al. (2001). 
2.2 Effects of climate change on waterways 
According to the Department of the Environment (Commonwealth of Australia 2014a), Australia’s 
total GHG emissions (including net emissions from land use, land use change and forestry) were 
558.8 Mt CO2 eq in 2012, the state of Queensland contributing 152.4 Mt CO2 eq (Commonwealth 
of Australia 2014b). In comparison to the total emissions at 1990 there has been an increase of 
128.7 Mt CO2 eq or 31.0% in the total emissions in Australia (Commonwealth of Australia 2014a). 
It is seen that CO2 accounts for 72.9% (407.1 Mt CO2 eq) of the total GHG emissions in Australia, 
CH4 for 20.7% (115.9 Mt CO2 eq) and N2O for 4.9% (27.5 Mt CO2 eq). Consequently, CH4 as well 
as N2O emissions from Australia contribute approximately 0.5% to the total global emissions of 
these gases. However, the given GHG budget for Australia did not take emissions from natural 
sources such as reservoirs or estuaries into account, although it is estimated that natural sources 
account for approximately 35-40% and 50% of the global budgets for CH4 and N2O, respectively 
(Ciais et al. 2013). 
 
Climate change affects the appearance and management of waterways such as reservoirs and 
estuaries. The impacts are caused mainly through increased temperatures, sea levels and changing 
rainfalls (Kundzewicz et al. 2007). Hennessy et al. (2007), Bates et al. (2008) and CSIRO (2011) 
reported increased maximum (+ 0.6 °C) and minimum (+ 1.2 °C) average air temperatures for 
Australia since 1950. Additionally, increased sea surface temperatures (+ 0.9 °C) have been 
detected since 1900. Rising water surface temperatures lead to higher stratification, changing water 
circulation patterns and rapid deoxygenation of bottom waters (Barros et al. 2011; Tundisi and 
Tundisi 2012). A rise in sea level around Australia averaging 1.2 mm yr-1 has been measured from 
the year 1920 to 2000 (Hennessy et al. 2007). A rising of sea levels will increase the salinity in 
groundwater and surface waters of estuaries, this will increase the tidal range and decrease the 
freshwater sources for humans. A rising of sea levels could also lead to coastal wetland loss 
resulting in less flood protection and nature conservation, increased flood and storm damage and 
erosion (Nicholls 2004; Nicholls et al. 2007). Storms with higher intensity and changing rainfall 
conditions with high variability could result in increasing wave heights or frequencies, increases in 
storm damage and risks of flooding. Consequently, increased flooding can elevate the amounts of 
organic matter flushed into reservoirs or estuaries. Furthermore, storms are able to change the 
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dynamics of reservoir or estuary bottom sediments, change the quantity and quality of organic 
matter inputs, change populations of organisms such as fishes or lead to changes in salinity and 
oxygen concentrations. Increases in surface run-off may alter flood risks, change water quality and 
increase sediment or nutrient input into the system, which can lead to the eutrophication in 
reservoirs (Nicholls et al. 2007). Climate change impacts indicate a decrease of freshwater 
resources especially in semi-arid and arid areas (Kundzewicz et al. 2007) due to decreasing rainfall 
and an increased intensity of droughts and hotter temperatures. This will lead to increasing stresses 
on water supplies and agriculture and a higher demand in water from reservoirs and increases in 
reservoir construction.  
2.3 Current methodology 
Methane
 
and N2O emissions from aquatic systems can be quantified by different techniques. Direct 
measurements of total emissions (ebullitive and diffusive emissions) by floating chambers offer 
simple and practical handling, the ability to capture short-term changes in gas fluxes and an 
inexpensive setup (Raymond and Cole 2001; Kremer et al. 2003a). Gas accumulation of water-air 
fluxes in the chambers over time is used for rate calculations. However, floating chambers have 
limitations in regard to the spatial coverage and were criticised to disturb the surface turbulences 
(Raymond and Cole 2001; Kremer et al. 2003a; Kremer et al. 2003b; Borges et al. 2004a). As an 
alternative to this method, CH4 and N2O emissions across the water-air interface can be determined 
using the thin boundary layer (TBL) approach (Liss and Slater 1974) according to Eq. (2-3): 
F = k × ∆C = k × (Cw – Ceq), (2-3) 
where F is the flux, k is the gas transfer coefficient and ∆C is the difference between the gas 
concentration in the surface water (Cw) and the gas concentration in the surface water that is in 
equilibrium with the air (Ceq). The gas transfer coefficient k is the most difficult and error-prone 
parameter in Eq. (2-3) (Raymond and Cole 2001). The TBL approach accounts for diffusive 
emissions only and is used for the upscaling of emissions across systems. The incorrect 
approximation of k can result in wildly inaccurate emission estimates. Limited studies have been 
undertaken to determine k directly using floating chambers, natural tracers or purposely added 
tracers. In most cases, k was estimated based on currents and/or wind speed data using previously 
established models such as presented in Table 2-3 (Amouroux et al. 2002; Ferron et al. 2007; 
Rajkumar et al. 2008; Silvennoinen et al. 2008; Walker et al. 2010). The choice of the models is 
critical. The models were mostly derived from studies conducted in open oceanic waters (e.g. Liss 
and Merlivat 1986; Wanninkhof 1992; Nightingale et al. 2000) and less from estuarine or riverine 
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waters (e.g. Borges et al. 2004b), see Table 2-3. The main contribution to surface water turbulences 
in open oceans and lakes is wind stress (Wanninkhof 1992; Cole and Caraco 1998; Abril and 
Borges 2005) therefore wind speed based modes are often used as the sole predictors for k. Several 
models for k based on wind speed have been developed and were verified by tunnel and field 
experiments (e.g. Liss and Merlivat 1986; Wanninkhof 1992). However, surface water turbulences 
in shallower streams and rivers are mostly generated by bottom stress (O'Connor and Dobbins 
1958; Owens et al. 1964; Langbein and Durum 1967). In estuarine systems, the surface water 
turbulences can be generated by both factors, wind forcing and tidal currents (Borges et al. 2004b; 
Zappa et al. 2007; Beaulieu et al. 2012). Turbulences in all aquatic systems can be further 
influenced by processes such as rainfall on the water surface (Ho et al. 1997; Guerin et al. 2007), 
heating and cooling of the water surface (Rudorff et al. 2011; Polsenaere et al. 2013), wind fetch 
(Borges et al. 2004a; Cole et al. 2010) and turbidity (Abril et al. 2009). Large uncertainties and 
variations of k, with reported ranges from 1 to 26 cm h-1 for k600 (k for carbon dioxide (CO2) at 
20 °C in freshwater at a Schmidt number of 600) in estuaries and rivers (e.g. literature comparisons 
by Raymond and Cole (2001)), highlight that the controlling factors for turbulences are site specific 
and not only limited to wind (Zappa et al. 2003; Borges et al. 2004a). 
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Table 2-3: Commonly used wind-based and current-based models to predict the gas transfer coefficient k.  
Reference Expression of k (cm h-1) Developed for 
Wind-based models 
Borges et al. (2004b) k
 
= (1.0 + 2.58 * U10) / (Sc(CO2) / 600)-0.5 * (Sc(CH4) / 600)-0.5 estuaries 
Liss and Merlivat (1986) k
 
= (0.17 * U10) * (Sc / 600)-0.66 (for U10 ≤ 3.6 m s-1) oceans 
 k = (2.85 * U10 - 9.65) * (Sc / 600)-0.5 (for 3.6 < U10 ≤ 13 m s-1)  
 k = (5.9 * U10 - 49.3) * (Sc / 600)-0.5(for U10 > 13 m s-1)  
Nightingale et al. (2000) k
 
= (0.222 * U102 + 0.333 * U10) * (Sc / 600)-0.5 oceans, coastal seas 
Ro and Hunt (2006) k = 170.6 * U101.81 * (ρa / ρw)0.5 * Sc-0.5 open water bodies 
Wanninkhof (1992) k
 
= (a * U102) * (Sc / 660)-0.66 for U10 < 3 m s-1   
a = 0.31 for short-term wind, a = 0.39 for long-term winds  
oceans 
 
k
 
= (a * U102) * (Sc / 660)-0.5 for U10 > 3 m s-1  
a = 0.31 for short-term wind, a = 0.39 for long-term winds 
 
Wanninkhof (2014) k
 
= (0.251 * <U102>) * (Sc / 660)-0.5 
recommended for intermediate wind U10 = 3 to 15 m s-1 
oceans 
Current-based models 
Borges et al. (2004b)  k
 
= (1.719 * w0.5 * h-0.5) / (Sc(CO2) / 600)-0.5 * (Sc(CH4) / 600)-0.5 estuaries 
Langbein and Durum 
(1967) 
k = (5.13 * w1.33 * h-0.33) * (Sc / 600)-0.5 streams 
O'connor and Dobbins 
(1958) 
k = (1.829 * w0.5 * h-0.5) * (Sc / 600)-0.5 streams 
Owens et al. (1964) k = (5.33 * w0.67 * h-0.65) * (Sc / 600)-0.5 streams  
Wilcock (1984) k = (5.24 * w0.5 * h-0.5) * (Sc / 600)-0.5 streams 
With U10 = normalised wind speed to a height of 10 m (m s-1), Sc = Schmidt number (-), ρa = air density (kg m-3),  
ρw = water density (kg m-3), w = current speed (m s-1), h = water depth (m) 
 
The direct emission measurements of CH4 and N2O providing data for global estimates but also 
studies investigating production and consumption pathways of these gases require an accurate 
determination of CH4 and N2O concentrations in gaseous and/or liquid samples. Often, the CH4 and 
N2O concentrations are measured using gas chromatography (GC) as this is a widely available and 
cost effective analysis technique. Different sampling vials have been used to measure CH4 and N2O 
in liquid and gaseous samples with GC. Samples can be stored in crimp sealed glass vials with 
volumes ranging between e.g. 20 mL and 125 mL (Bastviken et al. 2010; DelSontro et al. 2011; 
Grossart et al. 2011). This method, which has to date only been described for the measurement of 
CH4 (Bastviken et al. 2010; DelSontro et al. 2011; Grossart et al. 2011), requires a relatively large 
amount of sample. Also, vial preparation and sample handling in the field is time consuming. 
Samples can also be stored in gas-tight syringes (Kreuzwieser et al. 2003; Ferron et al. 2007) or gas 
bags (Wang et al. 2009). Drawbacks for all these methods are that they are labour intensive as they 
require manual injections of sample aliquots into the GC, and thus they are usually suitable for 
small number of samples. As an alternative, pre-evacuated exetainers are commonly used for the 
measurements of gaseous and liquid samples in combination with GC (Silvennoinen et al. 2008; 
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Beaulieu et al. 2010; Allen et al. 2011; Grover et al. 2012; Zheng et al. 2012; Hyvonen et al. 2013). 
Using these vials has several advantages. Pre-evacuated Exetainers are inexpensive (current price 
approximately: £ 0.43/vial with 2 spare white caps including new rubber septa for each vial, order 
code 638W, www.labco.co.uk), use little storage place and can be used with a GC auto-sampler. 
These features allow a fast throughput of high numbers of samples. Further, these Exetainers are 
particularly suitable for applications where the sample volume is limited as the commonly used total 
tube volume is 12 mL. Pre-evacuated Exetainers are also suitable for gases other than CH4 and N2O 
such as dissolved oxygen or nitrogen gas
 
(e.g. Hamilton and Ostrom 2007). However, residual air 
found in the vials leads to background contamination of samples. Methane from aquatic systems is 
mostly supersaturated; however, N2O often appears to be near equilibrium with the overlying 
atmosphere (Ferron et al. 2007; Musenze et al. 2014b). Thus, using an analytic method even with a 
slight background contamination could, especially for N2O, lead to incorrect results. For example, 
due to a higher GWP of N2O, any overestimation of N2O would result in a substantial increase in its 
contribution to the overall GHG emissions. This highlights the importance for a method which 
accurately determines gaseous and dissolved CH4 and N2O concentrations. 
2.4 Study sites in South East Queensland 
2.4.1 Reservoirs and estuaries 
Man-made reservoirs are considered significant contributors of GHGs, particularly of CH4 but also 
of N2O to the atmosphere (St. Louis et al. 2000; Barros et al. 2011; Bastviken et al. 2011). Recent 
emphasis to study CH4 emissions from freshwater reservoirs (St. Louis et al. 2000; Barros et al. 
2011; Bastviken et al. 2011; Demarty and Bastien 2011) has stimulated an increase of CH4 
monitoring investigations. However, studies of N2O emissions from subtropical reservoirs are 
lacking (Mengis et al. 1997; Seitzinger and Kroeze 1998), despite N2O being a more potent GHG 
than CH4. Australia has over 2,300 reservoirs covering a surface area in excess of 5,700 km2 at full 
supply (Geoscience Australia 2004). However, there are currently only four studies (Grinham et al. 
2011; Bastien and Demarty 2013; Musenze et al. 2014a and Chapter 5, this thesis) reporting CH4 
emissions and two for N2O (Musenze et al. 2014a and Chapter 5, this thesis) from reservoirs in 
Australia. Freshwater reservoirs in Australia provide ideal conditions for GHG production, 
consumption, and emissions. The generally higher temperatures experienced in subtropical and 
tropical regions drive thermal stratification and rapid deoxygenation of bottom waters (Barros et al. 
2011; Tundisi and Tundisi 2012). Irregular and heavy precipitation events can lead to the input of 
high organic carbon loads into the water body (Tundisi et al. 1993). The organic carbon loads 
together with elevated temperatures and deoxygenated bottom waters of these reservoirs will 
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provide conditions that enhance CH4 production and emissions (Fearnside 1995; Galy-Lacaux et al. 
1999; Demarty and Bastien 2011). The steep oxygen gradients and high ammonium turnover found 
in subtropical reservoirs will likely favour N2O production (Guerin et al. 2008). 
 
Coastal areas such as estuaries have also been identified as natural sources of GHGs accounting for 
75% (Bange et al. 1994) and 35-60% (Bange et al. 1996; Seitzinger et al. 2000) of the global 
oceanic CH4 and N2O production, respectively. Estuaries located in subtropical regions, particularly 
in the Southern Hemisphere, are likely to form an important component of GHG budgets as they 
occupy a relatively large surface area, over 38,000 km2 in Australia (Geoscience Australia 2014). 
However, global CH4 and N2O emission estimates show high spatial and temporal variability and 
studies in potentially important areas, such as the tropics and subtropics as well as whole continents 
like Australia, remain scarce (Law et al. 1992; Middelburg et al. 2002; Abril and Borges 2005; 
Ortiz-Llorente and Alvarez-Cobelas 2012). 
 
Two water bodies, the Gold Creek Reservoir and the Brisbane River estuary (Fig. 2-4), have been 
chosen as study sites for this thesis and are described in the following two sections. Both sites are 
located in the Southern Hemisphere in subtropical South East Queensland (SEQ), Australia. The 
study sites have been chosen as they are situated in a highly understudied region. Study results can 
provide data for global CH4 and N2O emission estimates of reservoirs and estuaries. Results can 
highlight the importance for further studies in the same region or other regions in subtropical 
climates. The shallow Gold Creek Reservoir which is surrounded by a pristine catchment and the 
highly modified Brisbane River estuary can be respresentative for other systems in SEQ with 
similar characteristics or water bodies which are situated outside of SEQ but also in the subtropics. 
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Figure 2-4: Locations of the study sites in South East Queensland: Gold Creek Reservoir and the Brisbane River 
estuary. 
2.4.2 Gold Creek Reservoir 
Gold Creek Reservoir (27°45’97” S, 152°87’86” E) is located 14 km west of the city of Brisbane, 
Australia. Completed in 1885, the reservoir is one of the oldest reservoirs in Australia and was built 
for the supply of drinking water to Brisbane (although currently not used for this purpose). Gold 
Creek Reservoir has a surface area of 19 ha and is near the median size for Australian reservoirs. 
The reservoir has a capacity of 820,000 m3 and maximum water depth of 11.75 m at full supply. 
The reservoir’s pristine catchment area is 10.5 km2 and consists of 98% open eucalyptus forest 
(Queensland Department of Science Information Technology Innovation and the Arts 2012). These 
steep, forested catchments export high amounts of particulate organic matter (Fig. 2-5) in the form 
of senescent leaves and woody material during intensive precipitation events (Tundisi et al. 1993). 
This material is generally deposited in the inflow points of reservoirs where ebullition is frequently 
observed (Grinham et al. 2011).  
   
 Chapter 2 
 
24 
 
Figure 2-5: High amounts of large particulate organic matter on the dam wall of the Gold Creek Reservoir after an 
intensive rainfall event. 
In contrast to many temperate systems and reservoirs used for hydropower, Gold Creek Reservoir 
experiences water level increases mainly by intensive, irregular precipitation events and subsequent 
inflows especially during the summer months (e.g. 444 mm in 4 d, January 2013 (Bureau of 
Meteorology 2013)). Water level decreases are caused by evaporation due to the warm temperatures 
(annual mean temperature 26.4 °C (Bureau of Meteorology 2013)). As Gold Creek Reservoir has no 
regular release of water via dam outlets, the turbulent exchange of CH4 and N2O to the atmosphere 
is restricted to when the reservoir’s capacity is exceeded and water is released over a spillway.  
2.4.3 Brisbane River estuary 
The Brisbane River estuary (Fig. 2-6) meanders through urban Brisbane, currently Australia’s third 
largest city (Australian Government Department of Infrastructure and Transport 2014), and flows 
into Moreton Bay with an average annual discharge of 1,400 × 106 m3 (Eyre et al. 1998). The 
estuary has confluences with the Bremer River, Oxley Creek, and smaller creeks. The estuary has a 
surface area of 19 km2 and a catchment area of 13,643 km2. The natural tidal limit is 16 km 
(Holland et al. 2001), however, it now extends to 86 km (Davie et al. 1990; Holland et al. 2001) due 
to major channel modifications (Eyre et al. 1998). The modifications in the lower Brisbane River 
estuary mainly consist of extensive channel deepening (> 10 m), straightening and hardening for 
ship navigation and port development (Hossain et al. 2004). Examples of the channel modifications 
can be seen by comparing pictures from early settlement times to recent years taken at Brisbane’s 
CBD and Breakfast Creek (Fig. 2-6).  
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Figure 2-6: The Brisbane River estuary when settlement began ca. 1835 (A) and in contrast 2002 after channel 
modifications and Brisbane’s CBD build-up (C) and the entrance to a creek (Breakfast Creek) from the Brisbane River 
ca. 1891 (B) and in contrast 2014 after channel modifications (D). Images (A), (C): Duke et al. (2003), (B): John Oxley 
Library (2014) and (D): Google (2014). 
The dredging depth at the estuary mouth is maintained at approximately 13 m which is followed by 
a 9 m-deep and 20 km-long channel. The remaining channel of the estuary has an average depth 
between 4 and 8 m (Eyre et al. 1998), and the maximum width of the estuary is 1.34 km (Chanson 
et al. 2014). The estuary experiences a semi-diurnal tide with a tidal range at the estuary mouth of 
approximately 0.7 to 2.7 m (mean neap tidal range of 1.0 m, mean spring tidal range of 1.8 m) 
(Chanson et al. 2014). The average travel time of tides from the estuary mouth to the confluence 
with the Bremer River is approximately 3 h (Bureau of Meteorology 2014). The average water 
residence times for the mouth of the Brisbane River estuary and the lower, middle and upper 
Brisbane River estuary are 63 to 68 d, and 110 to 120 d, 154 to 162 d and 187 to 189 d, respectively 
(Dennison and Abal 1999). Located in a subtropical region, the Brisbane River estuary has 
relatively high water temperatures (ranging between 16 and 29 °C throughout the seasons (EHMP 
2014)), and can experience distinct, seasonal rainfall patterns in contrast to estuaries located in 
temperate regions.  
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Chapter 3: Research objectives 
3.1 Research objectives 
Based on the current knowledge, outlined in Chapter 2, the following research objectives have been 
identified for this thesis: 
1. Assessment of the accuracy of the Exetainer method to determine dissolved and gaseous 
CH4 and N2O concentrations 
Although many studies were conducted to evaluate and to improve the use of pre-evacuated 
Exetainer vials for liquid and gaseous samples, the information is scattered. There has been to 
date no report on the comprehensive assessment of the suitability or accuracy of the vials for 
measuring gaseous or liquid samples with concentrations in various ranges. The lack of such 
information leaves a high-level of uncertainties with the results obtained with the use of these 
pre-evacuated vials. To address this research objective, the usage of Exetainer vials for CH4 
and N2O concentration determination was systematically assessed (Chapter 4). The varying 
residual air pressure in commercially available, pre-evacuated Exetainer vials was investigated. 
To address the background contamination caused by the residual air, a pre-treatment method 
for measuring gases in both liquid and gaseous samples using Exetainer vials was proposed. 
 
2. Investigation of the primary sources and sinks of CH4 and N2O in reservoirs and estuaries 
There is recently an emphasis to further study CH4 and N2O emissions from freshwater 
reservoirs due to a discontinuous database of a large range of primarily CH4 emissions (St. 
Louis et al. 2000; Mendonça et al. 2012; Ortiz-Llorente and Alvarez-Cobelas 2012). This has 
stimulated an increase of CH4 monitoring; however, studies of N2O emissions and 
investigations of sources and sinks of both gases are lacking (Mengis et al. 1997; Seitzinger and 
Kroeze 1998). Studies are particularly limited in subtropical/tropical regions of the Southern 
Hemisphere (St. Louis et al. 2000; Mendonça et al. 2012; Ortiz-Llorente and Alvarez-Cobelas 
2012). This shortfall forms a large gap in the understanding of global CH4 and N2O emissions 
from reservoirs and their sources and sinks. To address this research objective, CH4 and N2O 
sources and sinks in the Gold Creek Reservoir in South East Queensland, Australia were 
investigated, with a particular focus on the roles of the water column and sediments (Chapter 
5). 
 
The contribution of coastal regions to the global CH4 and N2O budgets is still uncertain (Ferron 
et al. 2007), and there were few studies that examined the production and consumption 
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processes that ultimately determined CH4 and N2O emissions from these aquatic systems. The 
lack of data is especially pronounced for estuaries located in subtropical regions, particularly in 
the Southern Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012). The subtropical, 
Brisbane River estuary in Australia was shown to be a strong source of CH4 and N2O all-year-
round, with pronounced spatial and temporal variability in CH4 and N2O surface water 
concentrations and emissions (Musenze et al. 2014). However, the sources and sinks of these 
GHGs in the surface waters of the Brisbane River estuary have not been studied. To address 
this research objective, CH4 and N2O sources and sinks in the subtropical Brisbane River 
estuary were investigated, focusing on the role of the water column, sediments, creeks, and 
wastewater treatment plant effluent (Chapter 6).  
 
3. Assessment of the primary CH4 and N2O emission pathways in reservoirs 
In reservoirs without continuous water release, the primary CH4 emission pathways to the 
atmosphere are ebullition from sediments, diffusion over the water-air interface and plant-
mediated transport from littoral zones (Bastviken et al. 2004). Ebullition has been shown to be 
the dominant CH4 emission pathway in many tropical systems (Devol et al. 1988; Keller and 
Stallard 1994; Joyce and Jewell 2003; Soumis et al. 2005; DelSontro et al. 2011; Grinham et al. 
2011). Only limited studies conducted worldwide have analysed the contribution of N2O to 
GHG emissions and the emission pathways of N2O from reservoirs (Mengis et al. 1997; 
Tremblay et al. 2005; Guerin et al. 2008). There have only been two studies investigating CH4 
emission pathways from reservoirs, and none for N2O, in Australia (Grinham et al. 2011; 
Bastien and Demarty 2013). To address this research objective, the total CH4 and N2O 
emissions (ebullitive and diffusive) in the Gold Creek Reservoir were measured and 
additionally diffusive fluxes were estimated to assess then the primary CH4 and N2O emission 
pathways (Chapter 5). 
 
4. Investigation of the spatial differences in CH4 and N2O emissions in reservoirs and 
estuaries 
The dynamics and the spatial distribution of CH4 ebullition in lake systems are not well 
understood (Ramos et al. 2006; Ostrovsky et al. 2008; DelSontro et al. 2011). High spatial 
variability of CH4 fluxes driven by ebullition has been observed in tropical reservoir studies 
(Bastviken et al. 2010; DelSontro et al. 2011; Grinham et al. 2011). However, studies 
investigating N2O emissions and the spatial differences in N2O emissions in reservoirs are 
generally scarce (Mengis et al. 1997; Tremblay et al. 2005; Guerin et al. 2008). To address this 
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research objective, a spatial emission field study in the Gold Creek Reservoir was conducted 
investigating sites with a range in depth (shallow and deep sites) and sites with a range in 
organic matter load (Chapter 5). 
 
Global estuarine CH4 and N2O emission estimates show high spatial and temporal variability 
and data are limited (Law et al. 1992; Middelburg et al. 2002; Abril and Borges 2005). The lack 
of data is especially pronounced in estuaries located in subtropical regions, particularly in the 
Southern Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012), including Australia. To 
address this research objective, the temporal variability in CH4 and N2O emissions over tidal 
cycles along a gradient of the Brisbane River estuary was investigated, capturing also the 
spatial variability across three sites in the upper, middle and lower reaches (Chapter 7). 
 
5. Investigation of the drivers affecting CH4 and N2O emissions in an estuary 
Surface water turbulences in estuarine systems are generated by wind speed and tidal currents 
(Borges et al. 2004b; Zappa et al. 2007; Beaulieu et al. 2012). Large uncertainties and 
variations of the gas transfer coefficient in estuaries and rivers (Raymond and Cole 2001) 
highlight that the controlling factors for turbulences are site specific and not only limited to 
wind (Zappa et al. 2003; Borges et al. 2004a) as often assumed. To address this research 
objective, CH4 and N2O emissions over tidal cycles and along a gradient of the Brisbane River 
estuary were investigated (Chapter 7 and 8). Results of CH4 and N2O emissions were 
interpreted and analysed with potential drivers affecting the emissions such as current speed, 
wind speed as well as CH4 and N2O surface water concentrations. 
 
6. Assessment of appropriate methods to capture CH4 and N2O emissions in an estuary 
Quantifying CH4 and N2O emissions from surface waters are of critical importance when 
estimating global GHG budgets. Total CH4 and N2O emissions as well as CH4 and N2O surface 
water concentrations in estuarine systems are typically measured at a fixed time, often in 
combination with spatial surveys along the estuary and possibly repeated over seasons. While 
this sampling may be adequate to capture spatial variations along estuaries at a fixed point in 
time and general seasonal patterns, it cannot measure diurnal and tidal cycle variability of CH4 
and N2O emissions or concentrations. Measurements considering diurnal and tidal dynamics 
are rare although changes can be significant (Allen et al. 2007; Ferron et al. 2007; Tong et al. 
2013; Maher et al. 2015). These significant changes are important to be captured, especially 
when the results are used to estimate estuarine GHG budgets of CH4 and N2O. As an alternative 
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to direct measurements with floating chambers, diffusive CH4 and N2O emissions across the 
water-air interface can be determined using the thin boundary layer approach (Liss and Slater 
1974), which is used for the upscaling of emissions across systems. The gas transfer coefficient 
k is the most difficult and error-prone parameter when using the thin boundary layer approach 
(Raymond and Cole 2001) and the incorrect approximation of k can result in wildly inaccurate 
emission estimates. To address this research objective, temporal and spatial variations in 
emissions and surface water concentrations were investigated (Chapter 7). Recommendations 
were summarised for estuarine sampling designs of these parameters. Further, the applicability 
of existing k models was verified, based on both wind and current speed, to the estimation of k 
for estuary systems (Chapter 8). 
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4.1 Abstract 
Pre-evacuated Exetainers are commonly used as measurement vials for the determination of 
methane (CH4) and nitrous oxide (N2O) concentrations in liquid and gaseous samples from aquatic 
environments. The impact of residual air in these Exetainers on measurement accuracy is assessed. 
Residual air pressure in commercially available, pre-evacuated Exetainers varied between 
0.071 ± 0.008 atm and 0.180 ± 0.031 atm in the examined batches. This background contamination 
can lead to large errors when determining dissolved and gaseous CH4 and N2O concentrations 
particularly at low concentrations. A method for Exetainer pre-treatment is suggested and verified, 
to reduce the residual CH4 and N2O. Vials are flushed (needle 30 G x 0.5 ", 0.3 mm) with nitrogen 
gas (N2) for 5 min, which reduces the background CH4 and N2O concentrations to 
0.092 ± 0.008 ppm and 0.016 ± 0.001 ppm, respectively, approximately 3-4% of their respective 
concentrations in air. To avoid an alteration of sample concentration by variable residual gas levels 
left during a pre-evacuation step, liquid and gaseous samples are injected into the N2 filled 
Exetainers. For gaseous samples where large volumes of gas are available, Exetainers can 
alternatively be flushed with 100 mL of sampling gas. For gaseous samples, measured CH4 and 
N2O concentrations of standard gases were statistically identical to their known concentrations. For 
liquid samples, measured CH4 or N2O concentrations of liquid standard dilution series showed a 
strong linear correlation (CH4: R2 = 0.9998, N2O: R2 = 0.9995) with theoretically calculated 
concentrations. Sample concentrations remained constant over a storage period of 6 weeks. 
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4.2 Introduction 
Greenhouse gases (GHG) have long-term influence on the climate, with methane (CH4) and nitrous 
oxide (N2O) among the most powerful GHG. Their global warming potentials are 21 and 310 times, 
respectively, that of carbon dioxide (CO2), on a 100-year time horizon (IPCC 2007). Thus, there is a 
growing interest in monitoring the emissions of CH4 and N2O from natural and engineered systems, 
including aquatic systems such as lakes, oceans, bays, estuaries and rivers (Kiese et al. 2003; Allen 
et al. 2007; Ferron et al. 2007; DelSontro et al. 2010).  
Various methods are used to quantify CH4 and N2O emissions and to get insight into the production 
and consumption pathways of these gases in aquatic environments. Direct gas fluxes in form of 
bubbles (ebullition) formed at the bottom of aquatic systems are commonly measured by using 
funnels anchored below the water surface that trap these gases (Galy-Lacaux et al. 1999; Casper et 
al. 2000; Joyce and Jewell 2003). The emissions of CH4 and N2O are often measured using floating 
static (closed) or active (dynamic) chambers that trap emitted gases at the water-air interface. Gas 
accumulation in the chambers over time is then used for rate calculations (St. Louis et al. 2000). 
While floating chambers measure ebullition and diffusive water-air fluxes simultaneously 
(Duchemin et al. 1999; Silvennoinen et al. 2008; Bastviken et al. 2010), diffusive water-air fluxes 
are usually estimated using the thin boundary layer model. This model requires the gas 
concentration difference across the water and air interface along with the gas transfer velocity (Liss 
and Slater 1974; Upstill-Goddard 2006). To get insight in the production and consumption of GHG 
in the sediments, interfacial fluxes between sediment and water body can be determined using either 
sediment core incubations in the laboratory (Nishio et al. 1982; Dong et al. 2002; Qu et al. 2003; 
Gihring et al. 2010) or automated or manual chamber incubations in situ (Breuer et al. 2000; 
Butterbach-Bahl et al. 2004; Haese et al. 2007; Smith et al. 2012). 
All the above-described methods require the measurement of CH4 and N2O concentrations in liquid 
and/or gaseous samples. Often, the CH4 and N2O concentrations in gas samples are measured using 
gas chromatography (GC) as this is a widely available and cost effective analysis technique. For 
liquid samples, GC is typically used to measure CH4 and N2O concentrations in the headspace of a 
vial containing the sample, after gas-liquid equilibrium is established. Alternatively, gas equilibrium 
is reached in a sampling syringe and only the gas phase is transferred to a measurement vial. The 
dissolved CH4 and N2O concentrations can then be calculated through the use of Henry’s Law. 
Different sampling vials have been used to measure CH4 and N2O in liquid and gaseous samples 
with GC. Samples can be stored in crimp sealed glass vials with volumes ranging between e.g. 
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20 mL and 125 mL (Bastviken et al. 2010; DelSontro et al. 2011; Grossart et al. 2011). This 
method, which has to date only been described for the measurement of CH4 (Bastviken et al. 2010; 
DelSontro et al. 2011; Grossart et al. 2011), requires a relatively large amount of sample. Also, vial 
preparation and sample handling in the field is time consuming. Samples can also be stored in gas-
tight syringes (Kreuzwieser et al. 2003; Ferron et al. 2007) or gas bags (Wang et al. 2009). 
Drawbacks for all these methods are that they are labour intensive as they require manual injections 
of sample aliquots into the GC, and thus they are usually suitable for small number of samples.  
As an alternative, pre-evacuated Exetainers are commonly used for the measurements of liquid and 
gaseous samples (Silvennoinen et al. 2008; Beaulieu et al. 2010; Allen et al. 2011; Grover et al. 
2012; Zheng et al. 2012; Hyvonen et al. 2013). Pre-evacuated Exetainers are inexpensive (current 
price approximately: £ 0.43/vial with 2 spare white caps including new rubber septa for each vial, 
order code 638W, www.labco.co.uk), use little storage place and can be used with a GC auto-
sampler. These features allow a fast throughput of high numbers of samples. Further, these 
Exetainers are particularly suitable for applications where the sample volume is limited as the 
commonly used total tube volume is 12 mL. Pre-evacuated Exetainers are also suitable for gases 
other than CH4 and N2O such as dissolved oxygen or nitrogen gas (e.g. Hamilton and Ostrom 2007). 
Exetainer vials with a vacuum are commercially available (pre-evacuated) or the vacuum can be 
self-created, either manually or with a vacuum pump. The original purpose of these vials was the 
suction of liquid samples from a syringe in medical applications (Hamilton and Ostrom 2007). This 
was later extended to measuring various gases in environmental samples and several studies 
investigated drawbacks and challenges of Exetainer vial usage. Glatzel and Well (2008) reported air 
leakage into the vials after piercing the septa which could be reduced by using needles with a small 
diameter (0.45 mm). Nitrous oxide leakage through the septum and adsorption of N2O by the butyl 
rubber septum have been reported to cause a 30% decrease of N2O concentrations after one year of 
storage in initially helium filled and then self-evacuated Exetainers (Laughlin and Stevens 2003). 
The authors suggest to store and analyse the calibration gas along with the samples, in order to 
compensate for these errors (Laughlin and Stevens 2003). Hamilton and Ostrom (2007) found 
unacceptable levels of nitrogen gas (N2) in purchased, pre-evacuated Exetainers. They also reported 
that N2 leakage through the lid (cap/septum) caused an increase of N2 with sample storage time. To 
reduce N2 contamination they self-evacuated Exetainers prior to sample injection and stored 
samples under water. The obvious drawbacks of this method are that the vial and sample 
preparation is time intensive and that the reduction of background has only been evaluated for N2 
measurements. For terrestrial environments, Hedley et al. (2006) proposed a procedure for the use 
of pre-evacuated Exetainers for the sampling and analysis of gaseous samples (analysed for CH4, 
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N2O and CO2) taken above the soil surface with static chambers. The method involves injecting a 
25 mL portion of gaseous sample into 12 mL pre-evacuated Exetainers, creating overpressure 
before analysis with GC. However, the accuracy of the method was not fully analysed as e.g. a 
background contamination by residual air was not investigated.  
Although many studies were conducted to evaluate and to improve the use of pre-evacuated 
Exetainer vials for liquid and gaseous samples, the information is scattered. There has been to date 
no report on the comprehensive assessment of the suitability or accuracy of the vials for measuring 
gaseous or liquid samples with concentrations in various ranges. The lack of such information 
leaves a high-level of uncertainties with the results obtained with the use of these pre-evacuated 
vials. In this study, we systematically assess the usage of Exetainer vials for CH4 and N2O 
concentration determination. We start by investigating the varying residual air pressure in 
commercially available, pre-evacuated Exetainer vials. To address the background contamination 
caused by the residual air, we propose two pre-treatment methods, thereby significantly improving 
the accuracy of the Exetainer method for measuring gases in both liquid and gaseous samples, while 
maintaining the benefits of the Exetainer vial usage (cost efficiency, high sample throughput using 
autosampler with GC and easy sample storage). In the proposed method for Exetainer usage, vials 
are flushed with N2 to reduce residual concentration of gases of interests, which are CH4 and N2O in 
this case. The N2 flushed Exetainers are used for both liquid and gaseous samples. For cases where 
large volumes of sampling gas are available, we alternatively suggest flushing vials with the sample 
gas itself instead of N2. The liquid or gaseous samples are subsequently injected into the N2 or 
sample gas filled Exetainers without pre-evacuation. We also investigate the effects of storage time 
(up to 6 weeks) on the measurement results. 
4.3 Materials and procedures 
4.3.1 Residual air pressure in pre-evacuated Exetainers 
The sample vials used were Exetainers from Labco® Limited, Lampeter, UK (order code 039W) 
and were 12 mL pre-evacuated borosilicate vials with round bottoms and white caps containing 
grey butyl rubber septa (13 mm diameter, 3 mm thickness).  
To assess the residual air volume in the pre-evacuated Exetainer vials we quantified the volume of 
water that is sucked into the vials by the existing vacuum. We used a 12 mL syringe filled with 
water fitted with a 23 G x 1.25 ", 0.64 mm needle (Livingstone International Pty Ltd, item no. 
DN23GX1.25LV) to pierce the rubber septum of the Exetainer lid. Upon piercing the rubber 
septum, the water sample was sucked into the Exetainer by the given vacuum. The syringe piston 
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was removed to avoid friction between piston and syringe wall. The volume of water sucked into 
the vials (i.e. level of vacuum) was calculated by subtracting the weight of the empty Exetainers 
from the weight of the water filled Exetainers. The residual air volume was then calculated by 
subtracting the volume of the Exetainer that could be filled with water from the total Exetainer 
volume. 
4.3.2 Proposed method for CH4 and N2O measurement 
As will be presented in the assessment section, residual air was found in all vials, either pre-
evacuated or manually evacuated, with levels varying among vials and batches. Vials were 
manually evacuated (not previously pre-evacuated by the manufacturer, thus they had an intact new 
rubber septum) by withdrawing the air through the septum of the closed vial with a 50 mL syringe 
until no further suction was possible (at least two times the full volume of the syringe). To reduce 
the residual air contamination and eliminate the uncertainties associated with different levels of 
vacuum, we propose a method, in which the Exetainers are flushed and filled either with 99.999% 
pure N2 gas (BOC gases, Brisbane, Australia) or the gaseous sample itself. A special manifold 
(Fig. 4-1) is used to enable flushing and filling of the Exetainers with N2 gas with a high throughput 
(12 Exetainers per run). To ensure a stable flow of N2 into the Exetainer vials, the gas flow to the 
manifold is controlled with a rotameter at 600 cc min-1 (equals 50 mL min-1 of N2 flushing per 
Exetainer vial). The manifold used is a modified VisidryTM drying attachment (Sigma Aldrich Co. 
LLC., St. Louis, MO, USA), where the solid phase extraction tube adapters were replaced with one-
way valves (John Morris Scientific Pty Ltd, item no. 30600-00) and disposable 30 G x 0.5 ", 
0.3 mm needles (Terumo Medical Corporation, item no. NN-3013R) to pierce through the rubber 
septa of the Exetainer lids. While flushing, the Exetainer lids are kept slightly unscrewed to ensure 
that gas is able to escape and no dangerous overpressure is created. After flushing for a certain time 
the Exetainers are removed from the manifold and ONLY then are the lids fully closed, thereby 
avoiding any build-up of overpressure in the vials. Only lids with new grey rubber septa (13 mm 
diameter, 3 mm height) not being previously pierced were used throughout whereas the Exetainer 
tubes can be washed and reused. The manifold mounted needles are regularly replaced, especially 
when bent. 
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Figure 4-1: Set-up to flush 12 Exetainer vials with N2 gas (A). Detailed view of the rotameter controlling the gas flow 
(B) and the connections between one-way valves and needles to the Exetainer vials (C). 
An experiment to examine the efficiency of the N2 flushing through the manifold mounted needles 
was conducted comparing two different cannula diameters (30 G x 0.5 ", 0.3 mm and 23 G x 1.25 ", 
0.64 mm). Within this experiment, we also tested different N2 flushing durations of 1, 2, 3, 4, 5 and 
10 min in order to determine the shortest possible flushing time adequate to reduce gas 
concentrations for all gasses but the abundant gases N2 or oxygen. MilliQ water (6 mL, deaerated 
by sparging with helium for 15 min) was injected into the N2 flushed vials, mimicking the real 
sampling procedure for liquid samples, and the headspace gas was then analysed for remaining CH4 
and N2O concentrations using the GC as described below. 
As an alternative approach for gaseous samples where large volumes of sampling gas are available 
we propose flushing the Exetainers with the sampling gas. In this procedure, syringes filled with the 
sampling gas itself are used for flushing the Exetainers and not the manifold described above. While 
flushing the vials, the lids of the Exetainers are slightly unscrewed and closed after the flushing 
process. 
For measurements, 12 mL of a gas or 6 mL of a liquid sample is injected into an Exetainer filled 
with the sample gas itself or N2 (without evacuating the vials) thus creating an overpressure.  
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4.3.3 Methane and N2O concentration determination using gas chromatography 
Both liquid and gaseous samples in the N2 or sample gas flushed Exetainers, were analysed for CH4 
and N2O concentrations by injecting gas aliquots into a gas chromatograph (Agilent GC7890A, 
Agilent Technologies, Santa Clara, CA, USA). Prior to the GC analysis vials containing liquid 
samples were stored upside down to prevent gas leakage from the headspace through the septum 
and refrigerated (4 °C) to decrease microbial processes as an additional measure next to sterile 
filtration (0.22 µm PES syringe filter). Liquid samples had a gaseous headspace of approximately 
6 mL. They were taken out of the fridge 24 h prior to GC analysis to reach room temperature and to 
allow equilibration of the gases in headspace and water column.  
 
The GC method was based on Agilent application SP1 7890-0468. For the pre-evacuated 
Exetainers, 250 µL of the gas sample were injected by a CTC CombiPAL auto-sampler headspace 
syringe (1 mL-syringe, filling speed: 100 µl s-1, injection speed: 500 µl s-1) into a purged packed 
inlet (heated to 110 °C). With the proposed method, the overpressure created inside the vials during 
sample injection (see details above) allows the withdrawal of a bigger sample volume by the GC. 
Thus, for the proposed method, 3.5 mL of the gas sample were injected by a CTC CombiPAL auto-
sampler headspace syringe (5 mL-syringe, filling speed: 100 µl s-1, injection speed: 500 µl s-1) to 
flush a 1 mL sample loop (heated to 100 °C). The injected samples of both sampling techniques 
were separated by two columns (column 1: Supelco 6 feet x 1/8-in stainless steel packed column 
(HayeSep Q 80/100), 21 mL min-1 at 60 °C; column 2: Supelco 12 feet x 1/8-in stainless steel 
packed column (HayeSep Q 80/100), 21 mL min-1 at 60 °C). A micro-electron capture detector 
(ECD) at 250 °C was used for the analysis of N2O and a flame ionisation detector (FID) at 350 °C 
for the analysis of CH4. The make-up gas for the ECD was 5% CH4 in argon at 2 mL min-1 and for 
the FID N2 gas at 2 mL min-1. The temperature of the oven was maintained at 60 °C for 10 min, 
after which it was raised in 25 s to 110 °C and kept at this temperature for 2 min. The CTC 
CombiPAL autosampler was equipped with four VT32 racks accommodating a total of 128 
Exetainer vials. The VT32 racks are originally made for headspace vials that have a bigger diameter 
(23 mm) than the Exetainer vials (15 mm). Therefore, 128 special spacers had to be made to 
overcome this problem. In addition Perspex covers were custom built for each rack to make sure 
that the vials would stay in the racks when the syringe withdrew the gas aliquot. The gas syringe 
was cleaned two times with air before the next sample injection. The CTC headspace syringes are 
open to atmosphere and therefore the gas samples were injected at room temperature and pressure. 
The GC was calibrated using standards with a range of 1.8 ± 0.02 to 249.8 ± 1.3 ppm of CH4 and 
0.5 ± 0.01 to 50.53 ± 0.51 ppm of N2O, which were prepared from certified gas standards (BOC 
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gases, Brisbane, Australia).  
Exetainer weights were measured before and after liquid samples were injected to determine the 
actual volume of the sample. Henry’s law was used to calculate the concentrations in the liquid 
phase from the measured concentrations in the headspace. Henry’s law states that the amount of 
dissolved gas at a certain temperature is directly proportional to the partial pressure of the same gas 
in the gas phase which is in equilibrium with the liquid phase (Henry 1803). The proposed approach 
of using N2 flushed Exetainers for liquid sample measurements creates an overpressure inside the 
vials which needs to be accounted for when calculating the concentrations in the liquid phase. 
4.3.4 Verification of the developed method for liquid sample measurements 
To verify the accuracy of the proposed method for liquid sample measurements, we measured CH4 
and N2O concentrations in a series of liquid samples diluted from the same dissolved CH4 or N2O 
stock solutions with a known concentration. These results are then compared to the theoretically 
calculated CH4 or N2O concentrations. 
To obtain liquid samples of a known CH4 or N2O concentration, a 1 L glass bottle with a magnetic 
stirrer bar inside was filled with milliQ water. The bottle was closed with a lid containing three 
ports. One port was connected to a gas cylinder to sparge the sample water with the test gas. The 
test gas contained 90 ± 1.8% mol CH4, 5 ± 0.1% mol CO2 and 5 ± 0.1% mol N2 (Coregas Pty Ltd, 
Yennora, Australia) for the verification experiment for CH4 and 0.094 ± 0.003% mol N2O which 
was in balance with N2 for the verification experiment for N2O (Air Liquide Australia Ltd, 
Melbourne, Australia). A second port was used as a gas outlet to the fume hood. To the third port a 
1 L multi-layer FlexFoil® gas bag (SKC Inc., Eighty Four, PA, USA) was attached. The water was 
sparged with the gas for 30 min to ensure the water is saturated with CH4 or N2O. The gas bag was 
filled with the same gas after sparging the water and remaining ports in the lid were closed with 
clamps. The glass bottle had a sampling port at the bottom to sample the CH4 or N2O spiked 
samples. To avoid low pressure in the sample water bottle during the sampling process, gas from 
the gas bag filled up the increasing headspace. To obtain samples with different concentrations of 
the dissolved gases, different volumes of CH4 or N2O spiked water and different volumes of 
deaerated milliQ water (deaerated by sparging with helium for 15 min) at ratios of 6:0, 5:1, 4:2, 3:3, 
2:4, 1:5, 0.1:5.9, 0.03:5.97 (mL of spiked water : mL of deaerated water) were injected into 
Exetainers to achieve a total liquid volume of 6 mL. Prior to this, the Exetainers were flushed by the 
manifold for 5 min with N2 (cannula size 30 G x 0.5 ", 0.3 mm). The concentration of CH4 or N2O 
in the headspace was analysed using the GC as described above. 
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4.3.5 Verification of the developed method for gaseous sample measurements 
To verify the accuracy of the two methods suggested for gaseous sample measurements, two 
standard gases (BOC gases, Brisbane, Australia) were taken as the gas samples. The measured 
results were compared to the expected standard gas concentrations. The higher standard gas 
contained 249.8 ± 1.3 ppm CH4 and 50.53 ± 0.51 ppm N2O, and the lower standard gas contained 
1.8 ± 0.02 ppm CH4 and 0.5 ± 0.01 ppm N2O, respectively. 
 
For the first approach, designed for the application of gas sample measurements with small volumes 
of sampling gas available, Exetainers were flushed for 5 min with N2 (cannula size 30 G x 0.5 ", 
0.3 mm) to replace the residual air with N2. Afterwards, 12 mL of the sample gas was injected with 
a 25 mL gas tight, luer lock valve glass syringe (SGE Analytical Science/Trajan Scientific Australia 
Pty Ltd, Ringwood, Australia) into the N2 gas filled vial thereby producing an overpressure. Test 
results achieved by this approach needed to be corrected for the dilution of the sample gas by the N2 
gas. 
 
For the second approach, designed for applications where large volumes of gas sample are 
available, Exetainers were flushed with the sample gas itself and not with N2, thus, avoiding a 
potential dilution of the gas samples by N2 gas. We tested three different sample flushing volumes 
of 50 mL, 100 mL and 250 mL (inserted with a 100 mL gas tight, luer lock valve glass syringe) 
before closing the cap and adding the actual sample (12 mL). 
4.3.6 Effect of liquid and gaseous sample storage in Exetainers 
The effect of liquid and gaseous sample storage in Exetainers prepared using the proposed methods 
were tested over a period of 43 d. For the storage test of liquid samples in pre-treated Exetainers, 
the Exetainers were first flushed with N2 for 5 min and then they were flushed with either 
3 x 100 mL of a low gas standard (1.8 ± 0.02 ppm CH4, 0.5 ± 0.01 ppm N2O) or 3 x 100 mL of a 
high gas standard (249.8 ± 1.3 ppm CH4, 50.53 ± 0.51 ppm N2O) using a 100 mL gas tight, luer 
lock valve glass syringe. Immediately after flushing, 6 mL of deaerated milliQ water (deaerated by 
sparging with helium for 15 min) was injected into the vials. The liquid samples in these vials were 
then vortexed to achieve gas-liquid equilibrium. A second storage experiment was conducted in 
parallel with environmental river water samples (27°29’30” S, 153°0’47” E, Brisbane River, 
Brisbane, Australia). For this, Exetainers were flushed for 5 min with N2 and a filtered (0.22 µm 
PES syringe filter) river water sample of 6 mL was injected.  
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Exetainers for gaseous samples using the pre-treatment approach for small gaseous sample volumes 
were prepared as described above as the verification and storage experiments were conducted using 
the same set of samples. For the approach, designed for applications where large volumes of gas 
sample are available, Exetainers were flushed with 100 mL of the sample gas itself, before the cap 
was closed and the actual sample (12 mL) was added. 
4.3.7 Field verification of the effect of the proposed pre-treatment: dissolved gas 
measurement as an example 
Surface water CH4 and N2O concentrations are commonly measured in limnological and 
oceanographic research for emission calculations using the thin boundary layer models (Abril et al. 
2005; Ferron et al. 2007; DelSontro et al. 2010). To verify the possible improvement to accuracy 
achievable with the proposed pre-treatment method, we monitored dissolved CH4 and N2O water 
concentrations at one local site (Brisbane River estuary, Australia, 27°52’42” S, 152°99’45” E) 
during the transition from low tide (9:30 am) to high tide (3:30 pm). In the study, we used both N2 
flushed Exetainers (flushed for 5 min, no evacuation) and commercially available, pre-evacuated 
Exetainers. For both Exetainer vial approaches liquid samples were taken 5 times in 1 h intervals 
between low and high tide. The samples were taken from approximately 20 cm below the water 
surface, and 6 mL of samples were then inserted with a 12 mL plastic syringe into the respective 
vials. 
 
To further assess the impact of potential measurement errors on emission estimation, we estimated 
water-air emissions using the surface water concentrations measured with both approaches. The 
emissions were estimated using the thin boundary layer model equation F = k × ∆C = k × (Cw –
 Ceq), where F is the flux (µmol m-2 d-1), k is the gas transfer coefficient (m d-1) and ∆C is the gas 
concentration difference across the water (Cw) and air-equilibrium (Ceq) interface (Cole et al. 2010). 
The measured surface water samples were used for Cw, whereas Ceq was calculated from the 
atmospheric CH4 (1,774 ppb) and N2O (319 ppb) concentrations based on their solubility 
(Yamamoto et al. 1976; Weiss and Price 1980; Forster et al. 2007). The gas transfer coefficient k 
was estimated using the equation k = a × U102 × (Sc / 600)-x developed by Wanninkhof (1992) with 
parameter a depending on the wind type (a = 0.31 for short-term winds or a = 0.39 for steady 
winds), U10 as the frictionless wind speed (m s-1) normalized to a 10 m height (Crusius and 
Wanninkhof 2003), Sc as the Schmidt number for CH4 and N2O (Wanninkhof 1992) and x as a 
constant depending on the wind speed (x = 0.66 for wind speed < 3 m s-1 or x = 0.5 for wind speed 
> 3 m s-1). Wind speed data was obtained from a nearby weather station (27°29'46" S, 153°0'53" E), 
which logged (VantagePro2plus, Davis Instruments Corp., Hayward, CA, USA) wind speed every 
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minute (average readings from 1 min). We averaged the wind speed for the calculations over 
each hour incubation interval of the surface floating chamber. 
4.3.8 Statistical Analysis 
Statistical analysis of all results was performed with the program Statistica version 12 (StatSoft Inc., 
Tulsa, OK, USA), using factorial or one-way analysis of variances (ANOVAs). In order to evaluate 
the importance of cannula diameter together with flushing time a factorial ANOVA was performed 
with cannula diameter and flushing time as the categorical predictors and CH4 or N2O as the 
continuous variables. One-way ANOVAs were performed with residual air levels, flushing times, 
analysis days or standard gases as the categorical predictor and CH4 or N2O as the continuous 
variables. Data were log transformed where necessary to ensure normality of distribution and 
homogeneity of variance (Levene’s test) (Zar 1984). Post hoc tests were performed using Fisher’s 
LSD (least significant difference) Test (Zar 1984). The non-parametric Kruskal-Wallis (KW) test 
was used for data which failed to satisfy the assumptions of normality and homogeneity of data 
after being transformed. 
4.4 Assessment 
4.4.1 Residual air pressure in pre-evacuated Exetainers 
The residual air pressure that is left in the vials after pre-evacuation was assessed in five batches 
(Batch 1-5) manufactured on different dates. The tested Exetainer batches, their manufacturing date 
and the timeframe between the manufacturing and test dates are summarised in Table 4-1. 
Table 4-1: Tested Exetainer batches, their manufacturing dates and timeframe between the manufacturing and first test 
dates. 
 Batch 
number 
Manufacturing 
date 
Timeframe between manufacturing date and 
first test date (April 2012) 
Batch 1 2343 September 2010 19 months 
Batch 2 2692 March 2011 13 months 
Batch 3 2784 April 2011 12 months 
Batch 4 3308 November 2011 5 months 
Batch 5 0023 February 2012  2 months 
 
The purchased Labco® Exetainers were found to have an incomplete vacuum as a substantial 
residual air pressure varying between 0.071 ± 0.008 atm and 0.180 ± 0.031 atm remained inside the 
glass vials (Fig. 4-2A). The range of residual air pressure determined in this study is in agreement 
with De Brabandere et al. (2012) who reported an internal air pressure of 0.08 to 0.15 atm in 
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evacuated Labco® Exetainers (flat bottomed and soda glass instead of round bottomed and 
borosilicate glass in this study, all other specifications are the same). The results also showed a high 
variability of the residual air levels within Exetainers of a specific batch and also among the 
different Exetainer batches. The average residual air pressure in Batch 5 was significantly lower 
(F4,55, P < 0.001) compared to all other batches (0.071 ± 0.008 atm). In contrast to this, no 
significant difference (P > 0.05) was found among the average residual air pressure of Batches 1, 2 
and 3 on the first measurement day, with residual air pressure varying between 0.146 ± 0.018 atm 
and 0.157 ± 0.016 atm. The residual air pressure of Batch 4 (0.180 ± 0.031 atm) was slightly 
elevated as compared to the Batches 1 to 3. However, the residual air pressure of Batch 4 was only 
significantly different (F4,55, P < 0.05) from residual air levels in Batch 1 but not significantly 
different from Batches 2 and 3. The low residual air level in Batch 5 might be due to the fact that 
the batch was manufactured at the latest date of all tested batches. As leaking often happens over 
time, batches with longer lifetime could have more loss of vacuum through leaking. However, 
Batch 4 which was only 3 months older than Batch 5 had a significantly lower vacuum level, thus, 
variations among batches could also reflect evacuation level variations by the manufacturer.  
To determine if the residual air pressure in the vials is stable over time further tests were carried 
out. For this, three of the batches tested in the first sets of tests (Batch 1, 4 and 5) were tested again 
2 weeks and 17 weeks after the initial testing and two of the batches (Batch 4, 5) 65 weeks after the 
initial testing. An increasing trend of internal residual air between the first test date, 2 weeks and 
17 weeks later was observed in Batch 5 (Fig. 4-2B) where significantly different results (F2,87, 
P < 0.05) were detected among the testing dates. 17 weeks after the first test, residual air levels in 
Batch 5 were much closer to the ranges of Batches 1-4 than on the first test date. These results 
indicate that leakage of air into the vials may occur over time. However, results 65 weeks after the 
first test date showed no significant difference (P > 0.05) from the results 17 weeks after the first 
test date. In contrast to Batch 5, the residual air levels of Batches 1 and 4 did not vary significantly 
among all the three or four test dates. The level of residual air pressure found in the pre-evacuated 
Exetainers and the extent of variation within a batch and between batches show that the usage of 
pre-evacuated Exetainers as storage and measurement vials can lead to a significant and not easily 
quantifiable contamination of samples. Manually evacuated Exetainers showed comparable levels 
of residual air to the pre-evacuated Exetainer (data not presented). 
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Figure 4-2: Residual air levels of five Exetainer batches (mean ± standard deviation, n = 10) tested at the same test date 
(A). Residual air levels of three Exetainer batches (mean ± standard deviation, n = 10) tested on three test dates 
(Batch 1) and on four test dates (Batch 4 and 5) (B). 
4.4.2 Evaluation of proposed method 
Choice of cannula diameters and optimisation of N2 flushing time 
To reduce the previously described residual air contamination in Exetainers we propose to flush the 
Exetainers with N2 gas for liquid and gas samples or, if a large volume of gas sample volumes is 
available, with the gaseous sample itself. The N2 flushing is conducted with a manifold where the 
tube adapters were replaced with disposable needles piercing the rubber septum of the Exetainer 
lids. The hole created by piercing should be as small as possible to avoid possible leaks and loss of 
pressure. Glatzel and Well (2008) advised to use a small cannula diameter of e.g. 0.45 mm 
(26 G x 5/8 ") to minimise pressure loss and associated tightness. In this work, we used an even 
smaller cannula diameter of 0.3 mm (30 G x 0.5 "). An experiment was conducted to verify if such 
a cannula is efficient in comparison to bigger cannula (23 G x 1.25 ", 0.64 mm) during the 
replacement of the air in the Exetainers with N2 thereby reducing the contamination of the samples. 
In addition, we also tested different N2 flushing durations (1, 2, 3, 4, 5 and 10 min) with both 
examined cannula diameters in order to determine the shortest possible flushing time. Six replicate 
Exetainers were tested per investigated cannula diameter and flushing duration.  
Averaged CH4 and N2O concentrations measured in the experiments shown in Fig. 4-3 indicate that 
comparable background concentrations were achieved with the smaller cannula size of 0.3 mm (30 
G x 0.5 ") in comparison to the larger cannula. It is therefore advisable to choose the smaller 
cannula diameter to ensure that the subsequent leaking of gases through punctured holes is kept to a 
minimum. The concentrations of CH4 (Fig. 4-3A) and N2O (Fig. 4-3B) in the tested vials showed no 
significant difference (P > 0.05) with the small cannula size for the tested flushing durations of 2, 3 
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and 4 min and also no significant different (P > 0.05) results for the flushing durations of 1, 5 and 
10 min. Although a flushing time of 1 min did not give significant different results to 5 min, our 
personal preference is a flushing time of 5 min to be on the safe side. A flushing time of 5 min 
reduces the background concentration of CH4 to 0.092 ± 0.008 ppm and of N2O to 
0.016 ± 0.001 ppm (n = 6), slightly above their respective detection limit and was thus used in all 
following experiments. 
 
Figure 4-3: Concentration of CH4 (A) and N2O (B) in the Exetainers (mean ± standard error, n = 6) flushed with N2 
using two types of cannula diameter and using six different flushing times. 
The alternative sampling approach for gaseous samples which requires the flushing and filling of 
the Exetainers with the gaseous sample itself was carried out with the same needle (23 G x 1.25 ", 
0.64 mm) used afterwards for sampling. 
Verification of the developed method for liquid sample measurements and effect of liquid sample 
storage in Exetainers 
To verify the accuracy of the proposed method for liquid sample measurements, we measured liquid 
samples with various ‘known’ concentrations of dissolved CH4 or N2O (three replicates per 
concentration) and compared these results to theoretically calculated CH4 or N2O concentrations. 
We calculated the theoretical concentrations in the CH4 or N2O spiked water and in the dilutions by 
using the solubility equations presented in Yamamoto et al. (1976) and Weiss and Price (1980). 
Figure 4-4 compares the measured (y-axis) and theoretically calculated (x-axis) CH4 (Fig. 4-4A) or 
N2O (Fig. 4-4B) concentrations. Results show a strong linearity between measured and calculated 
theoretical values for both dissolved gases (CH4: R2 = 0.9998, N2O: R2 = 0.9995). The linear 
regression analysis shows that there is a consistent relative error between the measured and 
calculated theoretical results of 4.2% for CH4 and 11.5% for N2O. The gas mixture used for spiking 
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the samples had a gas concentration of 90 ± 1.8% mol CH4 and 0.094 ± 0.003% mol N2O. Thus, in 
addition to measurement uncertainties, the concentration uncertainties of the gases may account for 
a deviation of 2.1 to 6.3% and 8.1 to 15.2% for CH4 and N2O, respectively, between measured and 
calculated theoretical values. Another possible source of error could be related to the solubility 
equations used in the calculations. Such errors could be minimised by re-calibrating the parameters 
in these equations. 
 
Figure 4-4: Method verification results for liquid samples showing the measured CH4 (A) and N2O (B) concentration 
(mean ± standard error, n = 3) versus the theoretically calculated concentrations. 
The effect of sample storage in Exetainers on liquid CH4 and N2O concentrations was also 
conducted over a period of six weeks (measurements 1, 8, 15, 22, 29, 36 and 43 d after the sample 
injection) with five replicate Exetainers per test. This is important as taking samples in the field 
often means that analysis cannot be carried out immediately and storage is needed. 
The CH4 and N2O concentrations measured during the storage are presented in Fig. 4-5, together 
with the theoretically expected concentrations of the two used standards. The measured CH4 (Fig. 4-
5A) and N2O (Fig. 4-5B) concentrations in the Exetainers flushed with the low gas standard are not 
significantly different among all investigated analysis days (P > 0.05). The measured concentrations 
are slightly higher than the theoretically expected value. This may be explained by errors during 
vial and sample handling, during GC operation or by uncertainties related to the standard gas, as the 
higher values cannot be explained by leakage of the gases through the lid.  
In the high standard case, the measured CH4 concentrations on 8, 22, 36 and 43 d showed no 
significant differences (P > 0.05) compared to the results on day 1. However, the measured CH4 
concentrations on day 15 and day 29 were slightly lower than the values on day 1 (Day 15: KW-
H6,35, P < 0.05; day 29: KW-H6,35, P < 0.001). Measured N2O concentrations for the high standard 
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case showed no significant differences (P > 0.05) compared to the results on day 1, apart from 
day 29 (KW-H6,35, P < 0.01). Measured N2O concentrations were slightly higher than the theoretical 
values in all cases, again indicating that leakage of gases is not responsible for the differences 
observed. 
Exetainers with environmental samples also showed no significant difference (P > 0.05) for CH4 
results among all analysis days. The N2O results of the environmental samples were not significant 
different (P > 0.05) among analysis days apart from the measurements of day 1 with day 36 which 
were similar but statistically different (KW-H6,35, P < 0.05).  
 
Figure 4-5: Methane (A) and N2O (B) concentrations and their theoretical values in liquid samples filled in N2 flushed 
Exetainer after a storage time of 1, 8, 15, 22, 29, 36 and 43 d (mean ± standard deviation, n = 5).  
Verification of the developed method for gaseous sample measurements and effect of gaseous 
sample storage in Exetainers 
Both methods proposed for gaseous sample measurements were tested to verify the method 
accuracy and effect of sample storage in Exetainer vials.  
 
For the method designed for large available gas volumes where sample gas is used for flushing, 
tests were done to determine the gas flushing volume needed. Six replicate Exetainers were tested 
for flushing amounts of 50 mL, 100 mL or 250 mL of a low gas standard or high gas standard 
before inserting the gaseous sample. Methane (Fig. 4-6A) results for the low standard gas showed 
no significant difference (P > 0.05) among flushing amounts of 50 mL, 100 mL or 250 mL. 
Flushing with 100 mL or 250 mL of the high standard gas for CH4 resulted in no significant 
difference (P > 0.05) of measured concentrations to the actual concentration of the sampled 
standard gas. However, flushing with 50 mL of the high standard gas resulted in significantly lower 
(KW-H2,18, P < 0.05) CH4 concentrations than flushing with 100 mL or 250 mL. Best results for 
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N2O (Fig. 4-6B) measurements were also achieved by flushing Exetainers with 100 mL or 250 mL 
(no significant different results, P > 0.05) of the sampled gas for both standard gases. We conclude 
and recommend to flush each Exetainer with a minimum of 100 mL of the sampling gas before 
closing the lid and then injecting the sample. 
 
Figure 4-6: Methane (A) and N2O (B) concentrations of gaseous samples (samples: low and high gas standard, mean ± 
standard deviation, n = 6) after flushing with 50 mL, 100 mL or 250 mL of a low gas standard or high gas standard 
before inserting the gaseous sample (approach designed for large volumes of sample gas). 
Recovery rates of both of the proposed methods for gaseous sample measurements were tested for 
both gas standards to verify if measured concentration results were as expected from the standard 
gas concentrations (theoretical value). Five replicate Exetainers were used per suggested approach 
(approach for small volumes of sample gas and approach for large volumes of sample gas) and 
standard gas (low and high gas standard). The Exetainers for large gaseous sampling amounts were 
flushed with 100 mL of sampling gas, as determined above. 
 
Results of the first approach designed for small volumes of sample gas (Fig. 4-7A, 4-7B) showed 
that the method is accurate for gas samples injected into N2 flushed Exetainers. Results showed CH4 
and N2O recovery rates of 93% to 100% for both gas standards, as measured concentration results 
were close to expected from the standard gas concentrations (theoretical value). The approach 
designed for large sampling gas volumes (Fig. 4-7C, 4-7D) showed that the method achieves high 
quality and accuracy of results with CH4 and N2O recovery rates of 98% to 100% for both gas 
standards. The measured concentration results were as expected from the standard gas 
concentrations (theoretical value).  
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Figure 4-7: Gaseous sample storage in Exetainers after a storage time of 1, 8, 15, 22, 29, 36 and 43 d (mean ± standard 
deviation, n = 5). Methane (A) and N2O (B) concentrations of gaseous samples (low and high gas standard) inserted in 
N2 flushed Exetainer (approach designed for small volumes of sample gas). Methane (C) and N2O (D) concentrations of 
gaseous samples (low and high gas standard) after flushing with 100 mL of a low gas standard or high gas standard 
before inserting the gaseous sample (approach designed for large volumes of sample gas). The theoretical values give 
the used standard gas concentrations. 
Both approaches for gaseous sample measurements achieved accurate results. Tests confirmed that 
for gaseous samples, the measured CH4 and N2O concentrations of standard gases were statistically 
identical (P > 0.05) to their known concentrations. For applications with low volumes of available 
sampling gas we recommend to use Exetainers which were already filled with N2 prior to injection 
of the small gas sample. If at least 112 mL (100 mL for flushing and 12 mL sample) of gaseous 
sample can be used it is advisable to flush the Exetainer first with 100 mL of the sample gas and 
insert then 12 mL of sample. This method avoids the dilution of the sample gas by N2. Also, the 
step of pre-flushing with N2 is not necessary, saving costs for the N2 gas and labour. 
 
The experiment was also conducted to investigate if the gaseous CH4 and N2O concentrations in 
stored samples are stable in the Exetainers over a period of six weeks (measurements were 
conducted on day 1 (24 h after sample injection into Exetainers) and day 8, 15, 22, 29, 36, 43 after 
the sample injection). The samples as previously described for testing the gaseous recovery rates of 
both approaches were used for the storage test. The CH4 and N2O concentrations after a storage 
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time of 1, 8, 15, 22, 29, 36 and 43 d are presented for gaseous samples in Fig. 4-7, together with the 
theoretically expected concentrations of the two used standard gases. 
For both gas measurement approaches and both standard gases no significant concentration 
differences (P > 0.05) were observed for CH4 (Fig. 4-7A, 4-7C) among all investigated analysis 
days with a storage time of up to 43 d. Also, we observed no significant concentration differences 
(P > 0.05) for N2O (Fig. 4-7B) using the high standard gas as a sample in the approach for smaller 
gas samples volumes among all analysis days up to 43 d. However, measured N2O concentrations 
for the same approach using the low standard gas as a sample were similar but statistically different 
between day 1 and day 36 (KW-H6,35, P < 0.01); all other analysis days showed no significant 
differences (P > 0.05) to day 1.  
Overall, the results demonstrate that liquid as well as gaseous CH4 or N2O samples can be stored up 
to 6 weeks before analysis. 
Comparison of two Exetainer vial approaches for liquid samples measurement 
Surface water samples were taken in ten replicates with each type of the Exetainers, namely the N2 
flushed Exetainers and the purchased, pre-evacuated Exetainers.  
 
The CH4 (Fig. 4-8A) and N2O (Fig. 4-8B) surface water concentration measured with both methods 
showed a similar trend. The highest CH4 concentrations were measured at low tide and the 
concentrations were relatively stable for the remaining sampling points. In comparison, the N2O 
concentrations were relatively stable during the entire 5 h. However, the concentrations of both CH4 
and N2O measured with the purchased, pre-evacuated Exetainer vials were always higher, at 10-
47% and 47-53%, respectively, in comparison to the N2-flushed vials.  
Figure 4-8C shows estimated CH4 and N2O emissions (expressed as CO2 equivalents) using the thin 
boundary model, in conjunction with the surface water concentrations analysed using the two 
methods. The N2O emissions account for 36% of the total emissions when expressed as CO2 
equivalents using the N2 flushed Exetainers, in comparison with 56% when using pre-evacuated 
Exetainers. Due to a higher warming potential of N2O, any overestimation of N2O would result in a 
substantial increase in its contribution to the overall GHG emissions. Thus, the difference between 
two methods could provide different guidance in GHG mitigations, highlighting the importance of 
having accurate determination of N2O and CH4 concentrations. 
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Figure 4-8: Methane (A) and N2O (B) concentrations of liquid samples (mean ± standard deviation, n = 10) which were 
stored and analysed in N2 flushed Exetainer vials and in purchased, pre-evacuated Exetainer vials. Sampling for all 
measurements was conducted at one site during the transition from low tide (time 9:30) to high tide (time 15:30). 
Water-air fluxes expressed as CO2 equivalents, estimated using the thin boundary layer model for both methods (C). 
Values are averaged water-air fluxes (n = 50) of all measurements. 
Detection limits using gas chromatography 
All of the proposed approaches for CH4 and N2O measurements in liquid and gaseous samples 
create an overpressure inside the vials. The created overpressure has the advantage to allow for a 
withdrawal of a larger sample volume, thus lowering the detection limit in the sample. A detection 
limit of 0.025 ppm and 0.006 ppm for CH4 and N2O, respectively, could be achieved for samples 
analysed using the proposed method. These detection limits are considerably lower than the 
detection limits of the method with pre-evacuated Exetainers, where are 0.5 ppm for CH4 and 
0.1 ppm for N2O. Caution, though, should be taken when transport of the vials exposes the vials to 
large changes in pressure and temperature. 
4.5 Discussion 
4.5.1 Contamination of pre-evacuated Exetainers 
In the work presented we found varying residual air pressure in the pre-evacuated Exetainer vials, 
which will lead to errors when determining CH4 and N2O concentrations in liquid and gaseous 
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samples. A theoretical assessment of the contamination effect of the residual air on CH4/N2O 
concentrations (calculated based on the presented results, assuming an average residual air pressure 
of 0.14 atm) in liquid samples against expected, non-contaminated CH4/N2O concentrations is 
shown in Fig. 4-9A and Fig. 4-9B. The contamination effect for liquid samples shows a constant 
absolute error at all CH4 or N2O concentration levels and a decreasing relative error with increasing 
CH4 or N2O concentrations. Low CH4 or N2O concentrations measurements of liquid samples are 
particularly sensitive to residual air. For example, measured concentrations of ~ 0.035 µmol L-1 
CH4 or ~ 0.006 µmol L-1 N2O in contaminated liquid samples would overestimate the actual 
concentration by ~ 60%. This is in general agreement with the observation made in the verification 
field study. The grey areas in Fig. 4-9A and Fig. 4-9B highlight the concentration ranges (CH4: 
0.002 µmol L-1 to 0.89 µmol L-1, N2O: 0.006 µmol L-1 to 0.18 µmol L-1) of aquatic environments 
such as estuaries, coastal waters, upwelling zones or the open ocean (based on Bange et al. (1994) 
and Bange et al. (1996)). The theoretical assessment shows that the relative error introduced by the 
residual air contamination in pre-evacuated Exetainers can be substantial (up to 90%). This stresses 
the importance of efforts to minimise any contamination effects within Exetainers when studying 
these systems. In comparison, the measurement of CH4 and N2O in wastewater systems (CH4: 
31 µmol L-1 to 1,563 µmol L-1, N2O: 1.14 µmol L-1 to 39 µmol L-1; based on Foley et al. (2010), 
Foley et al. (2009), Guisasola et al. (2008) and Ren et al. (2012)) may not require pre-treatment of 
the vials.  
 
 
Figure 4-9: Theoretical assessment of the contamination effect of the residual air on the measured CH4 (A) and N2O (B) 
concentrations against the actual values in liquid samples. The grey areas highlight the concentration ranges of aquatic 
environments. 
Figure 4-10A and Fig. 4-10B shows the theoretical assessment of the contamination effect of the 
residual air on CH4 or N2O concentrations (calculated based on the presented results, assuming an 
average residual air pressure of 0.14 atm) in gaseous samples against true, non-contaminated CH4 or 
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N2O concentrations. At CH4 and N2O concentrations below their respective residual air 
concentrations, the contamination leads to overestimates of the actual concentrations, with the 
relative errors increasing with decreasing concentrations. In contrast, at concentrations higher than 
the respective residual air concentrations, measurements would lead to underestimates of the actual 
concentration, with the relative errors increasing with increasing concentrations, approaching 14% 
(the residual air pressure used in the calculation) when the CH4 and N2O concentrations are far 
higher than their concentrations in air. As an example, a measured concentration of e.g. ~ 0.6 ppm 
CH4 or ~ 0.1 ppm N2O in residual air contaminated gaseous samples would overestimate the actual 
gaseous concentration by ~ 32%, whereas e.g. ~ 4 ppm CH4 or ~ 0.8 ppm N2O measured in 
contaminated gaseous samples would lead to an underestimation of the actual gaseous concentration 
by ~ 9%. 
 
Figure 4-10: Theoretical assessment of the contamination effect of the residual air on the measured CH4 (A) and N2O 
(B) concentrations against the actual values in gaseous samples.  
It has to be noted that the actual effect of the contamination on measured and published CH4/N2O 
gas concentrations may deviate from the data presented in these theoretical calculations and in the 
examples, as the actual error would depend on the type of calibration used for the GC. If Exetainers 
with a residual air pressure were used for the calibration standards the calibration results may partly 
compensate for the contamination effect. 
4.5.2 Proposed method for CH4 and N2O measurements 
The growing interest in monitoring and quantifying CH4 and N2O emissions and getting insight into 
the production and consumption pathways of these gases in natural and engineered aquatic systems 
highlights the need to accurately measure CH4 and N2O concentrations in liquid and/or gaseous 
samples. We found that the commonly used pre-evacuated Exetainers as storage and measurement 
vials contaminate samples by varying residual air pressure. Our study thus also aimed to propose a 
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method that minimises any contamination effects within the vials and enables more accurate 
measurements of CH4 and N2O in both liquid and gaseous samples. 
The proposed method meets our aim by reducing the background CH4 and N2O concentrations to 
0.092 ± 0.008 ppm and 0.016 ± 0.001 ppm, respectively, approximately 3-4% of their respective 
concentrations in air. This is achieved by a pre-treatment method, which involves flushing vials 
with N2 gas (for small available volumes of liquid samples or gaseous samples) or the sample gas 
itself instead of N2 (for large available volumes of gaseous samples). Tests confirmed the suitability 
of the method for liquid as well as gaseous samples. Flushing vials with N2 gas entails costs for the 
N2 gas and labour. The costs for the N2 gas are rather low and the flushing of vials for high sample 
numbers can be quickly conducted using the manifold. The manifold used for flushing is easy to 
obtain and to set up. In our alternatively method for large available gaseous samples volumes, N2 
gas is not used and costs for the gas is negligible. 
4.6 Comments and recommendations 
The presence of residual air and the variability of the residual air volume in pre-evacuated Exetainer 
vials present a problem for the accurate determination of CH4 and N2O concentrations in both liquid 
and gaseous samples, particularly for samples containing relatively low levels of these gases. We 
propose a method in this work, in which the Exetainers are flushed and filled with N2 gas. Thus, a 
large portion of residual air is removed and the contamination by background air for liquid or 
gaseous samples is reduced. Additionally, a second proposed method for gaseous samples that uses 
the sample gas itself to flush the Exetainer first has a further benefit of avoiding dilution of samples. 
The injection of liquid and gaseous samples into Exetainers previously filled with N2 or sample gas 
creates overpressure in the vials. This overpressure has the advantage that a higher volume of gas 
can be withdrawn from the sample headspace, which allows the lowering of the detection limit 
when the analysis is conducted by gas chromatograph.  
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5.1 Abstract 
Reservoirs have been identified as an important source of non-carbon dioxide (CO2) greenhouse 
gases with wide ranging fluxes for reported methane (CH4); however, fluxes for nitrous oxide 
(N2O) are rarely quantified. This study investigates CH4 and N2O sources and emissions in a 
subtropical freshwater reservoir Gold Creek Reservoir, Australia, using a combination of water-air 
and sediment-water flux measurements and water column and pore water analyses. The reservoir 
was clearly a source of these gases as surface waters were supersaturated with CH4 and N2O. 
Atmospheric CH4 fluxes were dominated by ebullition (60 to 99%) relative to diffusive fluxes and 
ranged from 4.14×102 to 3.06×105 µmol CH4 m-2 d-1 across the sampling sites. Dissolved CH4 
concentrations were highest in the anoxic water column and sediment pore waters (approximately 
5,000,000% supersaturated). Methane production rates of up to 3,616 ± 395 µmol CH4 m-2 d-1 were 
found during sediment incubations in anoxic conditions. These findings are in contrast to N2O 
where no production was detected during sediment incubations and the highest dissolved N2O 
concentrations were found in the oxic water column which was 110 to 220% supersaturated with 
N2O. Nitrous oxide fluxes to the atmosphere were primarily through the diffusive pathway, mainly 
driven by diffusive fluxes from the water column and by a minor contribution from sediment 
diffusion and ebullition. Results suggest that future studies of subtropical reservoirs should monitor 
CH4 fluxes with an appropriate spatial resolution to ensure capture of ebullition zones, whereas 
assessment of N2O fluxes should focus on the diffusive pathway. 
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5.2 Introduction 
Methane (CH4) and nitrous oxide (N2O) are powerful greenhouse gases (GHGs) and are of 
emerging environmental concern. Their global warming potentials (GWPs) are 25 and 310 times 
that of carbon dioxide (CO2), respectively, when calculated on a 100-year time horizon (IPCC 
2007). Man-made reservoirs, which include those for hydropower, agriculture or drinking water 
purposes, are now considered significant contributors of these GHGs, particularly CH4 (Barros et al. 
2011; Bastviken et al. 2011; St. Louis et al. 2000). The recognition of reservoirs as anthropogenic 
sources of GHGs has thus increased global interest in the measurement, monitoring and modelling 
of these emissions. The result is a discontinuous database of a large range of primarily CH4 fluxes, 
of which studies in potentially important areas, such as the tropics and subtropics as well as whole 
continents like Australia, remain scarce (Mendonça et al. 2012; Ortiz-Llorente and Alvarez-Cobelas 
2012; St. Louis et al. 2000). Fewer studies conducted worldwide have analysed the contribution of 
N2O to GHG emissions from reservoirs (Guerin et al. 2008; Mengis et al. 1997; Tremblay et al. 
2005) despite N2O having a higher GWP than CH4. There are currently only two studies (Bastien 
and Demarty 2013; Grinham et al. 2011) reporting CH4 emissions and none for N2O from reservoirs 
in Australia - a country with over 2,300 reservoirs covering a surface area in excess of 5,700 km2 at 
full supply (Geoscience Australia 2004).  
Freshwater reservoirs in Australia cover a large surface area and are essential for drinking water 
supply and irrigation purposes. These reservoirs are typically closed systems without continuous 
release through a dam but may have periodic release for environmental flows and drinking water 
supplies. These reservoirs enable storage and greater certainty of supply compared to river and 
groundwater sources in Australia. In reservoirs without continuous water release, the primary CH4 
emission pathways to the atmosphere are ebullition from sediments, diffusion over the water-air 
interface and plant-mediated transport from littoral zones (Bastviken et al. 2004). Ebullition has 
been shown to be the dominant CH4 emission pathway in many tropical systems (DelSontro et al. 
2011; Devol et al. 1988; Grinham et al. 2011; Joyce and Jewell 2003; Keller and Stallard 1994; 
Soumis et al. 2005). Factors controlling CH4 ebullition in lake systems are relatively well known 
(Bastviken et al. 2004; Joyce and Jewell 2003; Ortiz-Llorente and Alvarez-Cobelas 2012); however, 
the dynamics and the spatial distribution of ebullition are not well understood (DelSontro et al. 
2011; Ostrovsky et al. 2008; Ramos et al. 2006). Methane is typically produced by the process of 
methanogenesis under anoxic conditions (Canfield et al. 2005) as found in the sediment and 
hypolimnetic zones of a reservoir. However, zones within a reservoir may contain large gradients in 
dissolved oxygen (DO) availability (such as at the metalimnion under stratified conditions or upper 
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layers of shallow sediments) and promote oxidation of dissolved CH4 via methanotrophic bacteria 
(Guerin and Abril 2007), which can greatly reduce diffusive emissions from the water surface. 
Nitrous oxide production or consumption is also associated with these zones where large DO 
gradients occur. Under oxic conditions, as found in the epilimnion or metalimnion, N2O is primarily 
produced as a by-product of nitrification. At oxic-anoxic boundaries, N2O is produced as an 
intermediate of denitrification (Mengis et al. 1997; Ward 1996) or can be reduced to nitrogen gas 
during denitrification (Lipschultz et al. 1990; Mengis et al. 1997). In stratified reservoirs, the oxic-
anoxic boundaries are found in the water column. In well-mixed systems or at shallow sites, DO can 
reach the sediment surface, and thus N2O can be produced in the water column as well as in the 
upper layers of sediment. 
The low-latitude reservoirs of Australia provide ideal conditions for GHG production, consumption, 
and emissions. The generally higher temperatures experienced in tropical regions drive thermal 
stratification and a rapid deoxygenation of bottom waters (Barros et al. 2011; Tundisi and Tundisi 
2012). Irregular and heavy precipitation events can lead to the input of high organic carbon loads 
into the water body (Tundisi et al. 1993). The organic carbon loads together with elevated 
temperatures and deoxygenated bottom waters of these reservoirs will provide conditions that 
enhance CH4 production and emissions (Demarty and Bastien 2011; Fearnside 1995; Galy-Lacaux 
et al. 1999). The steep oxygen gradients and high ammonium turnover found in subtropical 
reservoirs will likely favour N2O production (Guerin et al. 2008). 
There is recent emphasis to further study CH4 emissions from freshwater reservoirs (Barros et al. 
2011; Bastviken et al. 2011; Demarty and Bastien 2011; St. Louis et al. 2000), and this has 
stimulated an increase of CH4 monitoring. However, studies of N2O emissions are lacking (Mengis 
et al. 1997; Seitzinger and Kroeze 1998), despite N2O being a more potent GHG than CH4. 
Although GHG studies from reservoirs have recently increased, they remain limited, particularly in 
subtropical/tropical regions of the Southern Hemisphere (Mendonça et al. 2012; Ortiz-Llorente and 
Alvarez-Cobelas 2012; St. Louis et al. 2000). Consequently, through this shortfall a large gap in the 
understanding of global CH4 and N2O emissions persists. 
In this study we investigated CH4 and N2O emissions, production and consumption processes in the 
Gold Creek Reservoir in South East Queensland, Australia. The study consisted of two main parts. 
First, a detailed field investigation of the CH4 and N2O emission rates at two sites (one deep and one 
shallow) by measuring total water-air fluxes as well as water column and pore water concentrations. 
The detailed study also included sediment-water flux incubations of the shallow site which were 
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conducted in the laboratory to gain further insight of the CH4 and N2O production or consumption 
processes. Secondly, a spatial emission field study focused on total flux (ebullitive and diffusive) 
measurements and estimated diffusive fluxes was performed to assess the CH4 and N2O emissions 
from shallow and deep sites of the reservoir. This study examined and validated the spatial and 
temporal representativeness of the CH4 and N2O emission data from the two sites of the detailed 
investigation. 
5.3 Materials and methods 
5.3.1 Site description 
Gold Creek Reservoir (27°45’97” S, 152°87’86” E) is located in subtropical South East 
Queensland, 14 km west of the city of Brisbane, Australia. Completed in 1885, the reservoir is one 
of the oldest reservoirs in Australia and was built for the supply of drinking water to Brisbane 
(although currently not used for this purpose). Gold Creek Reservoir has a surface area of 19 ha and 
is near the median size for Australian reservoirs. The reservoir has a capacity of 820,000 m3 and 
maximum water depth of 11.75 m at full supply. Approximately 65% of the total storage capacity is 
within the upper 2 m of the reservoir (Appendix Table A.5-1). The reservoir’s pristine catchment 
area is 10.5 km2 and consists of 98% open eucalyptus forest (Queensland Department of Science 
Information Technology Innovation and the Arts 2012). These steep, forested catchments export 
high amounts of organic matter in the form of senescent leaves and woody material during intensive 
precipitation events (Tundisi et al. 1993). This material is generally deposited in the inflow points 
of reservoirs where ebullition is frequently observed (Grinham et al. 2011).  
In contrast to many temperate systems and reservoirs used for hydropower, Gold Creek Reservoir 
experiences water level increases mainly by intensive, irregular precipitation events and subsequent 
inflows especially during the summer months (e.g. 444 mm in 4 d, January 2013 (Bureau of 
Meteorology 2013)). Water level decreases are caused by water evaporation due to the warm 
temperatures (annual mean temperature 26.4 °C (Bureau of Meteorology 2013)). As Gold Creek 
Reservoir has no regular release of water via dam outlets, the turbulent exchange of CH4 and N2O to 
the atmosphere is restricted to when the reservoir’s capacity is exceeded and water is released over 
a spillway. The reservoir is steep-sided with limited colonisation of rooted macrophytes, limiting 
the importance of plant-mediated emission pathways. This means that the main emission pathways 
for Gold Creek Reservoir are ebullition from sediments and diffusion via the water-air interface. 
Located in a subtropical region, Gold Creek Reservoir has relatively high water temperatures 
compared with many temperate systems. Monthly monitoring of water column profiles using a 
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multi-parameter sonde (YSI 6600, YSI Inc., Yellow Springs, OH, USA) showed seasonal ranges of 
surface water temperature from 14 °C in winter (June to August) to 30 °C in summer (December to 
February) and bottom water temperatures ranging between 14 to 16 °C in all seasons. The water 
column was oxygenated in the upper 2 m during all seasons and stratified for 10 months of the year. 
Water column profiles of chlorophyll a were taken with a chlorophyll fluorometer (Seapoint 
Sensors Inc., Exeter, NH, USA). Sampling and experiments for this study were conducted in March 
2012 and February 2014. During these periods, stratified conditions predominated; the reservoir 
was consistently filled to 90-100% and experienced no overspill. 
In the first part of this study, the detailed investigation was conducted at a shallow site (s4) and a 
deep site (d7) (Fig. 5-1; Appendix Table A.5-2). Methane and N2O total water-air fluxes and water 
column concentrations from both sites were measured as well as pore water concentrations from the 
shallow site s4. Additionally, laboratory incubations of sediments from sampling site s4 were 
conducted to determine CH4 and N2O production as this site was located in the oxycline zone.  
The second part of this study investigated the spatial variability of emissions and focused on total 
flux measurements and diffusive flux estimates at several shallow sites (s1-s4) and deep sites (d5-
d8) (Fig. 5-1; Appendix Table A.5-2). The data obtained in this study were also used to validate the 
representativeness of water-air emission estimates from sites s4 and d7 of the detailed study. The 
average depth of the shallow sampling sites, located in the reservoir’s sidearms, was 
1.7 ± 0.5 m. The deep sampling sites, with an average depth of 7.9 ± 2.7 m, were generally located 
in the middle of the reservoir body.  
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Figure 5-1: The location of the sampling sites at the Gold Creek Reservoir, South East Queensland, Australia. Sampling 
sites are numbered from the shallowest to deepest sites. Water depths were for the sites s1: 1.1 m, s2: 1.7 m, s3: 1.9 m, 
s4: 2.1 m, d5: 4.4 m, d6: 7.5 m, d7: 9.7 m, d8: 10.2 m during the spatial emission study. The detailed study was 
undertaken at sites s4 and d7. 
5.3.2 Field measurements 
Water-air flux measurements 
Total CH4 and N2O emission fluxes (both ebullitive and diffusive fluxes) at the water-air interface 
were determined using anchored surface floating chambers. Gas accumulation of ebullitive and 
diffusive water-air fluxes in the chambers over time was used for rate calculations. Diffusive water-
air fluxes were estimated using the thin boundary layer (TBL) model (Cole et al. 2010). Ebullitive 
emissions were calculated by the difference between total (floating chamber) and diffusive (TBL 
model) fluxes.  
 
The surface floating chambers used are described in Grinham et al. (2011) and consisted of a 
floating platform with six small cylindrical PVC chamber units as replicates each with a volume of 
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0.00048 m3, and surface area of 0.00583 m2. The chambers were stabilised in the water column by 
anchoring at two points to the reservoir’s floor using an anchor system that was attached to each 
chamber at two opposite sides. The ropes used for this were connected to a sub-surface floating 
buoy which was again connected by ropes to an anchor on the reservoir ground. Sampling-induced 
disturbances to the water column and sampling-induced ebullition from the sediments were 
minimised by a careful approach and by maintaining boat speeds below 2.5 kn. 
 
Headspace gas samples were taken from the floating chambers to determine emission rates after 
known deployment periods. During the detailed study at sites s4 and d7, gas samples were taken 
every 24 h from each of the six replicate units per floating chamber. After sampling, the surface 
floating chambers were lifted out of the water and flushed with air. This sampling procedure was 
repeated 5 times over 5 consecutive days. During the spatial emission study, surface floating 
chambers with three replicate units per chamber were deployed at sites s1-s4 and at sites d5-d8. In 
this study, the chamber deployment time was 1 h. After taking gas samples from all chamber units, 
the chambers were also lifted out of the water and flushed with air. This sampling procedure was 
repeated 3 times at each site. Gas from the chambers was sampled using a 60 mL syringe with a 
0.64 mm needle (Livingstone International Pty Ltd, Rosebery, NSW, Australia) and transferred into 
12 mL pre-evacuated borosilicate vials (Exetainer, Labco Ltd, Lampeter, UK).  
 
Diffusive water-air fluxes were estimated using Eq. (5-1):  
 
F = k × ∆C = k × (Cw – Ceq), (5-1) 
 
where F is the flux (µmol m-2 d-1), k is the gas transfer coefficient (m d-1) and ∆C is the difference 
between the gas concentration in the surface water (Cw) and the gas concentration in the surface 
water that is in equilibrium with the air (Ceq) (Cole et al. 2010).  
 
The gas transfer coefficient k was estimated using the model, Eq. (5-2), developed by Wanninkhof 
(1992): 
 
k = a × U102 × (Sc / 600)-x, (5-2) 
 
where a is 0.31 for short-term winds or 0.39 for steady winds, U10 is the frictionless wind speed 
(m s-1) normalised at 10 m, Sc is the Schmidt number for CH4 and N2O and x is a constant 
   
 Chapter 5 
 
81 
depending on the wind speed (x = 0.66 for wind speed < 3 m s-1 or x = 0.5 for wind speed > 3 m s-1). 
The Schmidt number Sc was calculated (Wanninkhof 1992) using Eqs. (5-3) and (5-4) for CH4 and 
N2O, respectively: 
 
Sc (CH4) = 1897.8 - 114.28 × t + 3.2902 × t2 - 0.039061 × t3, (5-3) 
Sc (N2O) = 2055.6 - 137.11 × t + 4.3173 × t2 - 0.054350 × t3, (5-4) 
 
where t is the temperature in Celsius. The frictionless wind speed U10 was normalised to a height of 
10 m according to Crusius and Wanninkhof (2003) with Eq. (5-5): 
 
U10 = 1.22 × U1, (5-5) 
 
where U1 is the wind speed at 1 m height (m s-1). 
 
Cw was measured from a water sample (explained in the next section), whereas Ceq was calculated 
with the solubility approaches of Yamamoto et al. (1976) for CH4 and Weiss and Price (1980) for 
N2O and measured atmospheric concentrations before starting the chamber deployment times. A 
weather transmitter (WXT520, Vaisala, Vantaa, Finland) was installed during all sampling times at 
site d7 and the average wind speeds were logged every minute (Appendix Fig. A.5-1 and Fig. A.5-
2A). The wind speeds used for calculations were averaged over 24 h for each of the 5 consecutive 
measurement days for the detailed study and were averaged over the 1 h sampling intervals for the 
spatial emission study. 
Water column sampling 
Water column samples were taken at sites s4 and d7 to determine the concentrations of CH4, N2O 
and for the nutrient levels of ammonium (NH4+), nitrate (NO3-) and nitrite (NO2-). Samples were 
taken from the epilimnion (20 cm below the water surface) and at the metalimnion depth (2 m) with 
a 4.2 L Niskin water sampler (Wildco, Wildlife Supply Company, Yulee, FL, USA) daily over the 5 
consecutive days. At site d7, samples were also taken from the hypolimnion (8 m depth). All water 
samples were pressure-filtered through 25 mm diameter, 0.22 µm pore-size filters (Merck 
Millipore, Billerica, MA, USA). Water samples for CH4 and N2O analyses were injected into pre-
evacuated borosilicate vials using a 12 mL syringe with a 0.64 mm needle, then equilibrated in an 
inflatable glove bag filled with ultra-high purity nitrogen gas (BOC, Brisbane, Australia) to 
atmospheric pressure and then stored at 4 °C until analysis. Water samples used for nutrient 
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analyses were stored in sterile 10 mL vials (Sarstedt AG & Co., Nümbrecht, Germany) and frozen 
until analysis was carried out. 
Pore water sampling 
To investigate sediments as potential sources of CH4 and N2O, pore waters were extracted from 
sediment samples and analysed for CH4 and N2O concentrations at the shallow site s4. For this, six 
undisturbed sediment cores were taken with a gravity corer (Envco Environmental Equipment 
Suppliers, Australia), fitted with acrylic liners (69 mm inner diameter, 500 mm long) and sealed 
with PVC caps. The gravity corer used had a 2 m pole which limited the collection depth to a 
shallow site (i.e. site s4). However, Gold Creek Reservoir is generally shallow, with the main 
storage capacity being within the upper 2 m of the storage (Appendix Table A.5-1). Therefore, the 
oxycline of the reservoir is around the 2 m mark (Appendix Fig. A.5-3A) and most sediments of the 
reservoir are exposed to oxygen. Thus, sediments of the chosen shallow site may be, at least in 
terms of oxygen exposure, representative for most of the reservoir’s sediments.  
 
Collected sediments in the cores had a height of 11.54 ± 2.34 cm. For the pore water analysis, 
sediment cores were pushed up to the top of the acrylic liners and 2 cm sediment layers were 
transferred into 50 mL test tubes (Falcon tubes, BD Biosciences, San Jose, CA, USA). Care was 
taken to ensure no headspace was formed. However, method drawbacks due to possible gas leakage 
from the vials would lead to an underestimation of pore water concentrations if the investigated 
gases are supersaturated. Upon arrival in the laboratory, sediments in the test tubes were centrifuged 
(Eppendorf AG, Hamburg, Germany) for 20 min at 1,500 g, without pressure or temperature 
changes. The pore water (supernatant) was removed and stored at 4 °C until analysis for CH4, N2O, 
NH4+, NO3- and NO2-. Sample handling as well as sample equilibration of the gases followed the 
same procedure as described previously for the water column samples. 
5.3.3 Sediment incubation study 
Sediment incubations were conducted in the laboratory to determine CH4 and N2O sediment-water 
fluxes from the shallow site samples (s4). For this, a second set of six undisturbed sediment core 
replicate samples were collected at site s4 with a gravity corer as described previously. The 
collected sediments had a height of 9.79 ± 1.12 cm with an overlying water column of 
40.21 ± 1.12 cm. The covered sediment cores were transferred to the laboratory within 4 h, placed 
into incubators and the top PVC caps were removed. The incubators were filled with surface water 
from the respective site. The water was adjusted to the in situ temperature (24 °C) using water 
chillers. The open sediment cores were left to settle overnight while the water column above each 
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sediment core was gently stirred using a magnetic stirring bar suspended in the water column and 
propelled by additional stirrer bars rotating at 18 rpm adjacent to the incubators. Results from in situ 
deployments of underwater light loggers (Odyssey photosynthetic active radiation recorders, 
Dataflow Systems Pty Ltd, Christchurch, New Zealand) indicated strong light attenuation at the 
reservoir, with the photic zone being less than 1 to 0.5 m (Appendix Fig. A.5-4). Consequently, for 
these sediment studies the incubators were covered with aluminum foil on the sides and light-
blocking cloth at the top to mimic the reservoir’s sediment conditions below the photic zone. 
 
The sediment core liners were capped 15 h after sampling using plexiglas lids with O-rings taking 
care to exclude air bubbles. The lids contained three ports for sampling, refilling and for a dissolved 
oxygen probe (tip sealed against sampling port). One-way valves were attached to the tubing 
(Masterflex Tygon, John Morris Scientific Pty Ltd, Chatswood, NSW, Australia) of the sampling 
and refilling ports, and a rubber stopper was used for the oxygen probe port if not used. Sampling 
and refilling with site water were carried out with 20 mL syringes. Dissolved oxygen and 
temperature of the water column above the sediment cores were monitored using an optical DO 
probe (PreSens, Precision Sensing GmbH, Regensburg, Germany) before the core liners were 
capped and every 24 h subsequently until the experiment finished. Cores were regularly inspected 
for signs of ebullition (bubble formation under the cap) throughout the incubation times. Samples 
from the overlying water of the sediment cores were taken for analysis of CH4, N2O and the 
nutrients NH4+, NO3- and NO2- before the cores were capped and after 72, 120 and 288 h 
incubation. Daily fluxes were determined for CH4, NH4+, NO3- and NO2- over 288 h and for DO 
over 48 h. These were calculated from the rates of change in concentration and by taking the core 
volume and sediment surface area into account. CH4, N2O and nutrient sample handling as well as 
sample equilibration of the gases followed the same procedure as described previously for the water 
column samples. 
5.3.4 Analyses 
Both gaseous and liquid samples were analysed for CH4 and N2O concentrations using an Agilent 
GC7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA). A flame ionisation 
detector and a micro-electron capture detector were used for the analysis of CH4 and N2O, 
respectively. The gas chromatograph was calibrated using standards with a range of 
1.8 to 82,000 ppm for CH4 and 0.5 to 50.53 ppm for N2O which were prepared from certified gas 
standards (BOC gases, Brisbane, Australia). A Lachat QuickChem 8000 Flow Injection Analyzer 
(Lachat Instrument, Milwaukee, WI, USA) was used for the analysis of NH4+, NO3- and NO2- 
concentrations. 
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Statistical analyses were performed with the program Statistica version 12 (StatSoft Inc., Tulsa, 
OK, USA), using one-way analysis of variances (ANOVAs). In order to evaluate differences among 
sampling sites, one-way ANOVAs were performed with sampling sites s4 or d7, sampling days 1-5 
or the sampling depths (epilimnion, metalimnion, hypolimnion, pore water) as the categorical 
predictor and CH4, N2O or nutrients (NH4+, NO3-, NO2-) as the continuous variables. Data were log 
transformed where necessary to ensure normality of distribution and homogeneity of variance 
(Levene’s test) (Zar 1984). Post hoc tests were performed using Fisher’s LSD (least significant 
difference) test (Zar 1984). The non-parametric Kruskal-Wallis (KW) test was used for data which 
failed to satisfy the assumptions of normality and homogeneity of data after being transformed. 
5.4 Results 
5.4.1 Water-air fluxes 
Sites s4 (shallow) and d7 (deep) of the detailed study showed significantly different (KW-
H1,60 = 41.2, P < 0.001) CH4 emission rates, with the highest rates found at the shallow site s4 (Fig. 
5-2A, 5-2C; Table 5-1). However, there was no significant difference (P > 0.05) found in N2O 
emissions between the two sites (Fig. 5-2B, 5-2D; Table 5-1). Total CH4 and N2O fluxes across the 
5 consecutive monitoring days were not significantly different (P > 0.05) at both sampling sites s4 
and d7, apart from N2O fluxes at site s4 between day 4 and day 5 (KW-H9,60 = 47.8, P < 0.01). 
Results of the detailed study (Fig. 5-2) showed that diffusive fluxes account for 12 to 40% of the 
total CH4 fluxes at site d7 and less than 3% at site s4. However, diffusive fluxes estimated by the 
TBL model explain, in four out of five monitoring days, 82 to 100% of total N2O fluxes for both 
sites. Otherwise, the estimated fluxes exceed the measured fluxes by up to 80% (Fig. 5-2B, 5-2D; 
discussed in Chapter 5.5.1). 
Table 5-1: Total water-air CH4 and N2O fluxes at the shallow site s4 and the deep site d7 of the detailed study. Fluxes 
are given as the average determined over the 5 consecutive days ± SE, n = 30. 
Site Total CH4 fluxes 
[µmol CH4 m-2 d-1] 
Total N2O fluxes 
[µmol N2O m-2 d-1] 
s4 10,423 ± 1,249  2.89 ± 0.17  
d7 1,210 ± 223  2.01 ± 0.03  
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Figure 5-2: Total and diffusive CH4 and N2O fluxes at the shallow sampling site s4 (A, B) and the deep sampling site d7 
(C, D) determined over 5 consecutive days. Total fluxes were determined from measurements using the anchored 
surface floating chambers, and diffusive fluxes were determined using the thin boundary layer model. Fluxes are given 
as averages ± SE, n = 6.  
The spatial emission study confirmed that the Gold Creek Reservoir is a source of both CH4 and 
N2O (Fig. 5-3; Table 5-2). However, the results show that CH4 fluxes varied much more widely 
(6,300 to 258,535 µmol CH4 m-2 d-1) than N2O fluxes (0.73 to 1.40 µmol N2O m-2 d-1). No 
significant trend was observed for flux differences between shallow and deep sites for either 
investigated gas, except that CH4 emissions at the shallow site s1 exceeded the emissions of all 
other sites by 1-2 orders of magnitude. Methane emissions at site s1 were significantly different 
(KW-H7,72 = 41.0, P < 0.05) from all other sampling sites, while significant difference was not 
detected between emissions from the other sites s2-s4 and d5-d8 (P>0.05). The highest CH4 
emissions from the deeper sites were detected at sites d5 and d6, which are both located in the 
north-western arm of the reservoir close to the shallow site s1. In contrast to this, no clear spatial 
pattern between sites was observed for N2O fluxes. Similarly, N2O fluxes measured among four 
sites, two shallow and two deep sites (s2, s4, d7 and d8), were not significantly different (P > 0.05). 
However, N2O fluxes from sampling site d6 were different than all other sites (KW-H7,72 = 31.2, 
P < 0.01) apart from s1 and d5 (P > 0.05). Interestingly, the lowest N2O fluxes were measured at the 
shallow site s1. Comparing total fluxes with diffusive fluxes from all sampling sites showed that in 
the spatial emission study, diffusive fluxes accounted for 1 to 6% of the total CH4 fluxes (Fig. 5-
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3A). Diffusive fluxes explain, in five out of the eight sites, 82 to 100% of total N2O fluxes; although 
at one site, d6, the diffusive flux exceeded (by up to 25%) the measured total flux (Fig. 5-3B; 
discussed in Chapter 5.5.1).  
Table 5-2: Total water-air CH4 and N2O fluxes at sampling sites s1-s4 and d5-d8 of the spatial emission study. Rates are 
averaged over three surface floating chamber deployments. Sampling sites are numbered from shallowest to deepest 
site. Fluxes are given as an average ± SE, n = 9. 
Site Total CH4 fluxes 
[µmol CH4 m-2 d-1] 
Total N2O fluxes 
[µmol N2O m-2 d-1] 
s1 258,535 ± 37,087 0.73 ± 0.06 
s2 21,381 ± 6,695 1.24 ± 0.08 
s3 20,452 ± 4,164 1.40 ± 0.06 
s4 6,726 ± 2,686 1.20 ± 0.15 
d5 28,597 ± 5,411 1.10 ± 0.10 
d6 30,274 ± 13,023 0.87 ± 0.05 
d7 6,300 ± 932 1.17 ± 0.08 
d8 15,952 ± 1,896  1.22 ± 0.08 
 
 
Figure 5-3: Total and diffusive CH4 (A) and N2O (B) fluxes at sampling sites s1-s4 and d5-d8. Total fluxes were 
determined using the anchored surface floating chambers and diffusive fluxes were determined using the thin boundary 
layer model. Rates per site were averaged over three surface floating chamber deployments. Sampling sites are 
numbered from shallowest to deepest. Fluxes are given as average ± SE, n = 9. 
Wind speed during the spatial emission study (Appendix Fig. A.5-2A) conducted at sites s1-s4 and 
d5-d8 increased from the first (1.8 ± 0.8 m s-1) to the second (2.8 ± 1.4 m s-1) chamber deployment 
as well as from the second to the third (4.0 ± 1.2 m s-1) chamber deployment (deployment interval 
for each floating chamber was 1 h). Averaged chamber N2O fluxes increased at all sites with 
increasing wind speed; however, the increase was not significant (P > 0.05) (Appendix Fig. A.5-
2B). In contrast to this, averaged CH4 fluxes at all sites did not increase with the increasing wind 
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speed (Appendix Fig. A.5-2C). Total chamber fluxes of each chamber deployment and per sampling 
site showed low variability for N2O and high variability for CH4. 
Averaged total chamber CH4 fluxes were not significantly different (P > 0.05) between the two 
conducted studies (detailed study from March 2012 and spatial emission study from February 2014) 
for the shallow site s4. However, at the deep site d7, total CH4 fluxes differed significantly between 
the two studies (KW-H1,39 = 18.2, P < 0.001). The total N2O fluxes at both sites, site s4 and site d7, 
differed significantly between the two studies (KW-H1,39 = 19.1, P < 0.001 and F1,37 = 124.6, 
P < 0.001, respectively). 
5.4.2 Water column parameters 
Water column CH4, N2O and nutrient concentrations at both sites s4 (Fig. 5-4A, 5-4B; Table 5-3) 
and d7 (Fig. 5-4C, 5-4D; Table 5-3) showed no significant difference (P > 0.05) among the 5 
consecutive experiment days and thus were pooled. The reservoir was characterised by a clear 
stratification with respect to oxygen (Appendix Fig. A.5-3A). Epilimnetic layers were fully oxic, 
while metalimnetic layers were suboxic and the hypolimnetic layer at the deep site d7 was anoxic. 
 
The epilimnion at both sites s4 and d7 was supersaturated with CH4 and N2O. Methane metalimnion 
concentrations at site s4 were one order of magnitude higher than the epilimnion concentrations. At 
site d7, hypolimnion CH4 concentrations were approximately 24,000,000% supersaturated and 2-3 
orders of magnitude higher than the meta- and epilimnion concentrations, respectively. Nitrous 
oxide concentrations were comparable for both sites s4 and d7 in the epilimnion and metalimnion. 
However, N2O concentrations at site d7 were highest in the epilimnion, not in the hypolimnion. The 
epilimnetic and metalimnetic CH4 and N2O concentrations at site s4 were comparable to the 
measured concentrations at site d7. 
 
Ammonium concentrations at site s4 were not significantly different (P > 0.05) in epilimnion and 
metalimnion. Nitrite and NO3- concentrations at site s4 showed slight increases between epilimnion 
and metalimnion. Ammonium concentrations at site d7 were similar in the epilimnion and 
metalimnion but two orders of magnitude higher in the hypolimnion. Nitrite and NO3- 
concentrations at site d7 were not significantly different (P > 0.05) within each of the three 
investigated water column layers. All analysed NH4+, NO2- and NO3- concentrations in epilimnion 
as well as metalimnion were comparable between site s4 and site d7. 
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Table 5-3: Measured CH4, N2O and nutrient concentrations of the detailed study at the shallow site s4 in the epilimnion, 
metalimnion and pore water and at the deep site d7 in the epilimnion, metalimnion and hypolimnion. Values represent 
the average ± SE: n = 12 for water column CH4 and N2O; n = 15 for water column nutrients; n = 4 for pore water CH4 
and N2O and n = 8 for pore water nutrients. 
Site Measured 
parameter 
Epilimnion  
concentration 
Metalimnion 
concentration 
Pore water 
concentration 
s4 
CH4 
0.50 ± 0.04 µmol CH4 L-1 
19,722 ± 1,465 %saturation 
3.47 ± 0.60 
 µmol CH4 L-1 
129 ± 32 
µmol CH4 L-1 
N2O 
0.017 ± 0.001 µmol N2O L-1 
206 ± 14 %saturation 
0.023 ± 0.004 
µmol N2O L-1 
0.015 ± 0.001 
µmol N2O L-1 
NH4+ 
0.49 ± 0.06 
µmol NH4+-N L-1 
0.99 ± 0.40 
µmol NH4+-N L-1 
798 ± 51 
µmol NH4+-N L-1 
NO2- 
0.13 ± 0.00 
µmol NO2--N L-1 
0.25 ± 0.04 
µmol NO2--N L-1 
23 ± 5 
µmol NO2--N L-1 
NO3- 
0.36 ± 0.05 
µmol NO3--N L-1 
0.50 ± 0.04 
µmol NO3--N L-1 
21 ± 3 
µmol NO3--N L-1 
Site Measured 
parameter 
Epilimnion  
concentration 
Metalimnion 
concentration 
Hypolimnion 
concentration 
d7 
CH4 0.55 ± 0.07 µmol CH4 L-1 
21,986 ± 2,660 %saturation 
4.69 ± 1.29 
µmol CH4 L-1 
600 ± 28 
µmol CH4 L-1 
N2O 0.014 ± 0.001 µmol N2O L-1 
168 ± 12 %saturation 
0.008 ± 0.001 
µmol N2O L-1 
0.004 ± 0.000 
µmol N2O L-1 
NH4+ 0.99 ± 0.15 
µmol NH4+-N L-1 
1.18 ± 0.27 
µmol NH4+-N L-1 
212 ± 6 
µmol NH4+-N L-1 
NO2- 0.15 ± 0.01 
µmol NO2--N L-1 
0.18 ± 0.02 
µmol NO2--N L-1 
0.17 ± 0.01 
µmol NO2--N L-1 
NO3- 0.90 ± 0.15 
µmol NO3--N L-1 
0.71 ± 0.12 
µmol NO3--N L-1 
0.53 ± 0.08 
µmol NO3--N L-1 
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Figure 5-4: Levels of CH4 and N2O and nutrients determined at the shallow sampling site s4 (A, B) and at the deep 
sampling site d7 (C, D). Results are shown for the epilimnion, metalimnion and for pore water (bars with hatch pattern) 
at the shallow site s4 and for the epilimnion, metalimnion and hypolimnion at the deep site d7. N.B. CH4 and nutrient 
concentrations are plotted on a log scale. Values represent averages ± SE with the number of replicates being n = 12 for 
water column CH4 and N2O, n = 15 for nutrient water column samples, n = 4 for pore water CH4 and N2O and n = 8 for 
pore water nutrients. 
5.4.3 Pore water parameters 
The dissolved CH4 pore water concentrations at site s4 (Fig. 5-4A; Table 5-3) were two orders of 
magnitude higher than the concentrations measured in the epilimnion as well as in the metalimnion. 
The pore waters were approximately 5,000,000% supersaturated with CH4 (pore waters were 
collected from the upper sediment layers and the saturation percent was calculated as done for the 
water samples). Nitrous oxide pore water concentrations at site s4 were comparable to measured 
concentrations in both investigated water column layers (epilimnion and metalimnion). Ammonium 
pore water concentrations at site s4 (Fig. 5-4B; Table 5-3) were three orders of magnitude higher 
than in the epilimnion and metalimnion. Similarly, the pore water NO2- and NO3- concentrations 
were two orders of magnitude higher than in the water column. 
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5.4.4 Sediment-water fluxes 
Methane was consistently produced during the incubations of the site s4 sediments (Fig. 5-5A, 
Table 5-4). Nitrous oxide concentrations indicated consumption had occurred; however, these levels 
were low and near the theoretical detection limit from 72 h onwards (Fig. 5-5A). Dissolved oxygen 
was rapidly removed (Table 5-4) from overlying waters and was not detected after 48 h (Fig. 5-5A). 
Ammonium concentrations increased significantly (F3,8 = 6.1, P < 0.01) between the start and end 
(288 h) of the incubation study. Nitrite concentrations were seen to have increased over time 
following the same pattern as NH4+, while the NO3- levels decreased (Fig. 5-5B; Table 5-4).  
Table 5-4: Production and consumption rates of CH4, DO and nutrients during the sediment incubation study. Positive 
values indicate production and negative values indicate consumption. Rates are given as an average ± SE, n = 3. 
Measured  
parameter 
Production/ 
consumption rates 
CH4 3,616 ± 395 µmol CH4 m-2 d-1 
DO -38,220 µmol O2 m-2 d-1 
NH4+ 3,874 ± 1,129 µmol NH4+-N m-2 d-1 
NO2- 17 ± 10 µmol NO2--N m-2 d-1 
NO3- -8 ± 5 µmol NO3--N m-2 d-1 
CH4, NH4+, NO2-, NO3- production/consumption rates were determined between hour 0 and 288 of 
the incubation experiment 
DO rate were determined between hour 0 and 48 of the incubation experiment 
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Figure 5-5: Sediment incubations of the shallow site s4: DO, CH4, N2O (A) and nutrient production or consumption (B). 
Values represent averages ± SE, n = 3. 
5.5 Discussion 
5.5.1 Surface gas emissions and the dominance of CH4 ebullition 
The water-air flux measurements of the detailed study as well as the spatial emission study showed 
that the Gold Creek Reservoir was a source of CH4 and N2O. Overall CH4 emissions emitted from 
the water surface were at least 1-2 (detailed study) or 2-4 (spatial emission study) orders of 
magnitude higher relative to N2O in terms of CO2 equivalents, despite N2O being a more powerful 
GHG than CH4.  
The spatial emission study showed high variability of total CH4 fluxes across and within (among 
chamber deployments) all sampling sites and low variability of total N2O fluxes, indicating that 
fluxes were driven by ebullition and diffusion, respectively. These results agree with previous 
emission findings at sites s4 and d7 of the detailed study. High spatial variability of CH4 fluxes 
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driven by ebullition has been observed in other tropical reservoir studies (Bastviken et al. 2010; 
DelSontro et al. 2011; Grinham et al. 2011). 
A comparison of the measured fluxes determined at the floating chambers and the estimated fluxes 
determined using the TBL model clearly showed that at all the sites the CH4 fluxes were mainly 
driven by ebullition and the N2O fluxes were mainly driven by diffusion. Our findings confirm 
those of previous studies, where ebullition has been shown to produce the largest CH4 emissions 
compared to the pathways of diffusion and plant-mediated transport. This is especially the case 
under the conditions of shallow and warm water systems where high CH4 production rates occur 
(DelSontro et al. 2011; Devol et al. 1988; Grinham et al. 2011; Joyce and Jewell 2003; Keller and 
Stallard 1994). Gold Creek Reservoir meets those conditions as it is a shallow system (maximum 
depth of 11.75 m) experiencing warm temperatures (Appendix Fig. A.5-3B) throughout the year. 
Diffusion is the dominant pathway for N2O emissions at Gold Creek Reservoir and this has been 
found in other tropical reservoirs (Guerin et al. 2008). 
Estimated N2O fluxes in some cases exceeded the fluxes measured by the floating chambers. It is 
likely this anomaly results from inherent errors in both these methods. The estimates were based on 
one exemplary model for the gas transfer coefficient, k (Wanninkhof 1992). However, there are 
various models described that give over- or underestimations of measured fluxes and wide 
discrepancies in their results (Musenze et al. 2014; Ortiz-Llorente and Alvarez-Cobelas 2012). In 
addition, modelled fluxes can be influenced by a number of factors that include rainfall on the water 
surface (Guerin et al. 2007; Ho et al. 1997); spatial variations in wind speed (Matthews et al. 2003); 
heating and cooling of the water surface (Polsenaere et al. 2013; Rudorff et al. 2011); surrounding 
vegetation; and wind fetch (Cole et al. 2010). Emission rates in this study were modelled with 
averaged wind speeds for k over the deployment time of 24 h periods (detailed study) and for 1 h 
periods (spatial emission study). Diurnal changes in wind speed occurred with higher wind speeds 
during daylight which was when the spatial study was conducted. Therefore, the deployment 
periods do not provide the same study conditions and could introduce an error; consequently, 
comparisons of daily rates between the two studies should be treated with caution. 
5.5.2 Factors controlling CH4 ebullition 
Both studies (detailed and spatial emission) showed that ebullition from anoxic sediments was the 
main contributor to the total CH4 emissions in this subtropical reservoir. The detailed study showed 
that ebullitive CH4 fluxes were higher at site s4 than at site d7. The spatial emission study revealed 
that ebullitive CH4 fluxes at site s1 were significantly higher than at all deep sites. These results 
   
 Chapter 5 
 
93 
confirm findings from Bastviken et al. (2004) showing that CH4 fluxes by ebullition are depth-
dependent and higher at water depths of 4 m or less. Ebullition, and ultimately CH4 emission, can 
be enhanced when the hydrostatic pressure is reduced which could be a result of current-induced 
bottom-shear stress or the lowering of storage water levels (Joyce and Jewell 2003; Ostrovsky et al. 
2008). The already quite low hydrostatic pressure in the Gold Creek Reservoir (i.e. 
< 2 atmospheres) favours active ebullition there. The CH4 in the gas bubbles can escape oxidation 
during the transport through the water column as CH4 moves faster through the water column by 
ebullition than by diffusion (Joyce and Jewell 2003). Interestingly, however, significantly higher 
ebullition rates were not found at the other shallow sites (s2-s4) as compared to the deeper sites. 
Highest CH4 water-air fluxes of the spatial emission study were generally found at the shallow 
site s1 and the deep sites d5 and d6, located in the north-western arm of the reservoir. These three 
sites (s1, d5 and d6) are located where the main water inflow to the reservoir would occur, and these 
likely receive high amounts of organic matter compared to the other sites. Hence, higher CH4 
production resulting in higher fluxes would occur at these sites. This would also explain why CH4 
fluxes at the shallow sites s2-s4 did not support other findings of depth-dependent fluxes as they 
likely receive less organic matter than received in the north-western sidearm of the reservoir. The 
chlorophyll a profile indicated that phytoplankton was predominantly present in the upper 2 m of 
the water column (Appendix Fig. A.5-3C). Phytoplankton were also present in the deeper aphotic 
layers, suggesting these are a source of organic carbon to the sediments. However, the spatial 
pattern in ebullition indicates that the major source of organic carbon is generated from the 
surrounding catchment as the highest CH4 flux rates were found adjacent to major inflows where 
there was intense forest litter deposition. This phenomenon has been observed in other storages 
within the region (Grinham et al. 2011) and highlights the importance of identifying ebullition hot 
spots to improve total emission estimates.  
The CH4 fluxes from Gold Creek Reservoir compare well with other reservoirs (Table 5-5) in the 
South East Queensland region (e.g. Little Nerang Dam (Grinham et al. 2011) and Baroon Pocket 
Dam (Grinham et al. 2012)) and even exceeded the rates of younger reservoirs (e.g. Lake Wivenhoe 
and Baroon Pocket Dam (Grinham et al. 2012)). The age of a reservoir is described as one of the 
parameters affecting GHG fluxes as it is often described that fluxes tend to decline with the 
reservoir age (Abril et al. 2005; Galy-Lacaux et al. 1999). Barros et al. (2011) used published data 
from different hydroelectric reservoirs to show that the relationship between CH4 flux and reservoir 
age is negatively correlated. However, CH4 fluxes from reservoirs measured in South East 
Queensland (Table 5-5) significantly exceeded the fluxes analysed by Barros et al. (2011), and the 
older reservoirs in the region showed higher CH4 emissions rates than the younger reservoirs. This 
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may be explained by intensive, irregular precipitation events that occur in the region, and these 
would periodically flush high amounts of organic matter into the system. It is likely that these bursts 
of high organic loadings would allow the ebullitive pathways for CH4 emissions to persist and 
maintain high fluxes over time.  
Table 5-5: The range of CH4 fluxes across selected reservoirs (covering shallow and deep sites) in South East 
Queensland.  
Reservoir Commission year CH4 flux ranges 
[µmol CH4 m-2 d-1] 
Baroon Pocket Dam 
(Grinham et al., 2012) 
1988 505 – 251,750 
Lake Wivenhoe 
(Grinham et al., 2012) 
1984 95 – 78,500 
Little Nerang Dam 
(Grinham et al., 2011) 
1962 4,230 – 1,403,250 
Gold Creek Reservoir 
(this study) 
1885 414 – 306,302 
 
5.5.3 Sources of CH4 production 
Generally, the highest CH4 concentrations in the Gold Creek Reservoir were found in the 
hypolimnion and sediments, indicating the sediments as a main source of CH4. The hypolimnetic 
CH4 concentrations were comparable to concentrations found in other stratified, tropical reservoirs 
(Abril et al. 2005; Galy-Lacaux et al. 1999; Guerin and Abril 2007). Epilimnetic CH4 concentrations 
were three orders of magnitude lower than concentrations in the hypolimnion, indicating that a 
substantial portion of the CH4 was oxidised by methane-oxidising bacteria before reaching the 
surface waters and the atmosphere, as has been suggested to occur in other tropical reservoirs 
(Guerin and Abril 2007; Lima 2005). These
 
epilimnion concentrations were comparable (Guerin 
and Abril 2007) or significantly lower (up to three orders of magnitude) than concentrations found 
in other stratified, tropical reservoirs (Abril et al. 2005). Despite lower CH4 concentrations in the 
epilimnion, the reservoir was still supersaturated with CH4 and a source to the atmosphere.  
 
The laboratory incubations showed that the sediments of Gold Creek Reservoir were a consistent 
source of CH4 as the CH4 concentration steadily increased throughout the incubation period. This 
supports the findings of the field study where CH4 sediment pore water concentrations were greatly 
elevated relative to the surface water concentrations. The high methanogenesis rates in the 
sediments are thus likely driving a significant portion of the water-air CH4 fluxes measured in this 
study. Past studies have demonstrated that sediments are a significant CH4 source (Barros et al. 
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2011; Canfield et al. 2005). A recent study on a similar reservoir system clearly demonstrated the 
dominance of methanogenic archaea in the upper 15 cm of the sediment zone (Green et al. 2012). 
Given the high rates of organic matter loading in these systems, CH4 production will be an 
important pathway for organic matter degradation in the sediments. The highly supersaturated 
concentrations of the pore waters of this relatively shallow reservoir means that any small changes 
in hydrostatic pressure, e.g. via bottom shear, would likely increase the ebullition rates (Joyce and 
Jewell 2003). In comparison of the CH4 sediment-water fluxes with the CH4 water-air fluxes from 
the shallow site s4, it was evident that the sediment efflux (3,616 ± 395 µmol CH4 m-2 d-1) explained 
67% of the diffusive CH4 emissions (5,400 ± 1,250 µmol CH4 m-2 d-1) and 35% of the total CH4 
emissions (10,423 ± 1,249 µmol CH4 m-2 d-1). This strongly indicates that the fluxes assessed during 
the sediment incubations in this study were underestimated. The most influential factor for this 
underestimation is likely the height of the incubated sediment core. With a height of only about 
10 cm, the CH4 production from deeper (also anoxic) sediment layers was not considered. 
5.5.4 Sources of N2O production or consumption 
The sediment incubation study clearly showed that the anoxic sediments were the source of NH4+ 
for the N2O production (Fig. 5-5B). However, N2O production through either the nitrification or 
denitrification pathway ultimately requires DO. Dissolved oxygen is introduced into the upper 
water layer through wind re-aeration or by photosynthetic production. The production of N2O 
therefore suffers from twin limitations; below the oxycline, DO is limiting whereas above, the 
oxycline NH4+ is limiting. This confines N2O production to a narrow band within the water column 
in deep sites or to upper sediment layers in shallow sites and limits the degree of supersaturation 
and therefore, the likelihood of bubble production. The net result was that N2O emissions from the 
water surface predominately occurred through the diffusive pathway.  
 
Our measurements showed that the surface waters were supersaturated with N2O so the system was 
acting as a N2O source to the atmosphere. The elevated N2O concentrations in the oxic zones 
(epilimnion and metalimnion) relative to the anoxic zones indicate that nitrification was the 
predominant production pathway. Nitrous oxide consumption occurs in the anoxic hypolimnion and 
sediments possibly via denitrification, as found previously (Guerin et al. 2008; Mengis et al. 1997). 
The presence of NO3- within the anoxic zones further supports the likelihood of denitrification. 
5.5.5 Implications 
Intensive field and laboratory studies in Gold Creek Reservoir were undertaken to improve the 
understanding of production/consumption and emission rates of the non-CO2 GHGs, CH4 and N2O. 
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Our results clearly demonstrate that the Gold Creek Reservoir is a source of CH4 and N2O to the 
atmosphere, although CH4 is clearly the dominant gas even when expressed as CO2 equivalents. 
Nitrous oxide flux rates were in fact much lower than those reported in other reservoirs with similar 
climates (N2O fluxes from six reservoirs of three countries (Brazil, Panama, French Guiana) ranged 
between 3-157 µmol N2O m-2 d-1 (Guerin et al. 2008); in comparison, the fluxes in this study range 
between 0.73-2.89 µmol N2O m-2 d-1). Gold Creek Reservoir CH4 fluxes, on the other hand 
(53 t CH4 y-1; range between 7-290 t CH4 y-1), were dominated by ebullitive emissions and were 
within the range reported for other tropical systems (St. Louis et al. 2000). The exception was the 
flux measured at the shallowest site (s1) which greatly exceeded even the higher-end range from the 
young (filled in 1994) Petit Saut Dam in French Guiana (Galy-Lacaux et al. 1997; St. Louis et al. 
2000). Barros et al. (2011) determined that the relationship between CH4 flux and latitude, is 
significantly negatively correlated. Methane fluxes from Gold Creek Reservoir (spatial emission 
study range between 6,300-258,535 µmol CH4 m-2 d-1), situated at the latitude of 27°45’97” S, 
significantly exceeded the fluxes presented in that study, which were given to be in general less 
than 4,167 µmol CH4 m-2 d-1. The catchment of the Gold Creek Reservoir consists of 98% forest 
and experiences warm temperatures as well as intense precipitation events that potentially flush 
high amounts of organic matter into the reservoir throughout the year. These characteristics are in 
contrast to temperate systems and likely accelerate the CH4 production in subtropical systems like 
the Gold Creek Reservoir. The high rates of CH4 flux that we measured further highlight the 
importance of studies that focus on subtropical systems. Additionally, studies from tropical 
freshwater systems are also important as these experience higher water temperatures than 
subtropical systems and are thus expected to exhibit even higher surface CH4 fluxes (Barros et al. 
2011). There is a lack of study of Australia’s reservoirs in both the tropical and subtropical climate 
zones, and their contribution as significant CH4 emitters is not recognised. Future emission studies 
of these systems would add to the limited knowledge of this region, which is important for inclusion 
in global GHG estimates. 
The spatial variability results of this study further emphasise the importance of including a 
reasonable spatial resolution when monitoring GHG emissions from water bodies, particularly when 
measuring CH4. In addition, monitoring efforts should include measuring CH4 ebullition as it is the 
most dominant pathway in these systems. For N2O, however, assessing only diffusive fluxes is 
likely sufficient. Our results also suggest that reservoir age is potentially not an important parameter 
affecting CH4 fluxes in systems similar to Gold Creek Reservoir. Ultimately, the results presented 
here are likely to be globally relevant as an increasing number of large reservoirs are being 
constructed to meet growing water demand, particularly in tropical and subtropical zones, but also 
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because subtropical systems can provide insight into the possible impacts that a warming climate 
will have on temperate reservoirs. 
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5.7 Appendix 
5.7.1 Storage Capacity Curve 
Bathymetric surveys of the reservoir used a single beam echo sounder (ATU200S, CruzPro Ltd, 
Henderson, New Zealand) and a differential global positioning system (Etrex, Garmin Inc., Olathe, 
KS, USA with MobileMapper DGPS beacon, Thales Inc., Saint-Laurent, Quebec, Canada) to obtain 
measurements with depth resolutions of 0.01 m and within 0.5 m lateral resolutions. A grid survey 
track was chosen to optimise subsequent data interpolation and boat draft limited the surveys to a 
water depth greater than 0.4 m. Water depths were referenced to the Australian Height Datum 
(AHD) at full supply (92.75 m AHD) and data interpolated using inverse distance weighting with 
Esri's ArcMAP 10.1 software (Esri, Redlands, CA, USA). The reservoir had a maximum water 
depth of approximately 11.75 m and this finding was used to generate the deepest depth contour 
(81 m AHD). Depth contours of 1 m resolution were generated from 81 m AHD to the lake full 
supply level of 92.75 m and the surface area of each depth contour was calculated. These depth 
specific surface areas were then used to generate a storage capacity curve (Duggal and Soni 1996) 
using the Cone Formula outlined below in Eq. A.5-1: 
∆V12=
h
3
 × (A1+ A2+ A1×A2), (A.5-1) 
where ∆V12 is the volume between areas A1 and A2, Ai is the surface area i and h is the vertical 
distance between surface areas A1 and A2. 
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Table A.5-1: Gold Creek Reservoir storage capacity curve showing surface area, cumulative volume and storage 
capacity at 1 m resolution from stream bed to full supply level. 
Water depth 
[m] 
Depth contour 
[m AHD] 
Surface area 
[ha] 
Cumulative 
volume [ML] 
Storage capacity 
[%] 
11.75 81 0.06 0 0 
10.75 82 0.31 1.69 0.2 
9.75 83 1.04 8.08 1.0 
8.75 84 2.35 24.59 3.0 
7.75 85 3.55 53.89 6.6 
6.75 86 4.94 96.15 11.7 
5.75 87 6.37 152.54 18.6 
4.75 88 7.82 223.37 27.2 
3.75 89 9.32 308.96 37.7 
2.75 90 11.07 410.79 50.1 
1.75 91 13.33 532.61 65.0 
0.75 92 16.34 680.71 83.0 
0 92.75 19.35 819.73 100 
 
5.7.2 Study measurement types 
Table A.5-2: Descriptions of all study measurement types with information about the location and time when the studies 
were conducted. Water depths were for the sites s1: 1.1 m, s2: 1.7 m, s3: 1.9 m, s4: 2.1 m, d5: 4.4 m, d6: 7.5 m, d7: 
9.7 m, d8: 10.2 m during the spatial emission study. The detailed study was undertaken at sites s4 and d7. 
Measurement type Location Time 
Water-air flux measurements (CH4, N2O) 
with surface floating chambers 
Sites s4, d7 March 2012 
Sites s1-s4, d5-d8 February 2014 
Water column sampling (CH4, N2O, nutrients) 
with Niskin water sampler Sites s4, d7 March 2012 
Pore water sampling (CH4, N2O, nutrients) 
by centrifugation Site s4 March 2012 
Laboratory sediment incubations (CH4, N2O, nutrients)  Site s4 March 2012 
Wind speed measurements with weather transmitter Site d7 March 2012, February 2014 
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5.7.3 Wind speed sampling 
 
Figure A.5-1: Wind speed from sampling over five consecutive days. Box plots represent mean ± SE and mean ± 0.95 
confidence interval, n = 1,440. 
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5.7.4 Wind speed and N2O and CH4 fluxes from the spatial emission study 
 
Figure A.5-2: Wind speed (A) and N2O (B) and CH4 (C) fluxes from the spatial emission study over three surface 
floating chamber deployments. Nitrous oxide and CH4 fluxes are averaged over sampling sites s1-s4 and d5-d8. Box 
plots represent mean ± SE and mean ± 0.95 confidence interval; with the number of replicates being n = 120 for wind 
speed and n = 24 for nitrous oxide, CH4. 
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5.7.5 Water depth profiles 
 
Figure A.5-3: Water depth profiles of dissolved oxygen (A), water temperature (B) and chlorophyll a (C) from deep 
sampling site d7. 
5.7.6 Underwater light logger measurements 
 
Figure A.5-4: Long term underwater light logger measurements from shallow sampling site s4 at 1.25 m depth. 
5.7.7 Appendix References 
Duggal, K. N. and Soni, J. P. (1996). Elements of Water Resources Engineering. New Age 
International (P) Limited. 
   
 Chapter 6 
 
107 
Chapter 6: Sources and sinks of methane and nitrous oxide in the 
subtropical Brisbane River estuary, South East Queensland, 
Australia 
 
 
Katrin Sturm, Alistair Grinham, Ursula Werner and Zhiguo Yuan 
 
submitted to Estuarine, Coastal and Shelf Science 
 
 
6.1 Abstract 
Estuaries are almost always supersaturated with the highly potent greenhouse gases, methane (CH4) 
and nitrous oxide (N2O), but sources and sinks contributing to CH4 and N2O remain unclear. This 
study investigated sources and sinks of CH4 and N2O in the Brisbane River estuary, Australia. Field 
measurements and laboratory incubation experiments were performed to determine the contribution 
of the water column, sediments, influent creeks and discharge from a wastewater treatment plant, to 
greenhouse gas levels occurring in the estuary. Sampling was conducted at 16 sites along the 
estuary with more detailed studies at three of these sites, located in the lower, middle and upper 
estuarine reaches, respectively. The estuary is a source of CH4 and N2O with their saturation in the 
surface water ranging between 2,160 and 26,900% for CH4, and between 140 and 230% for N2O, 
relative to their respective atmospheric concentrations. Estuarine sediments were identified as 
sources for both CH4 and N2O, as concentrations for both dissolved gases were higher in the pore 
water at the sediment surfaces in comparison to the water column samples at all sites. Methane
 
and 
N2O were also produced in silty sediments as shown in laboratory sediment-water incubations. 
Creeks were detected to be a source of CH4 and N2O, as their concentrations were higher in the 
creek in comparison to those measured at the confluence of the creek and the estuary. The estuarine 
water column was identified as a CH4 sink, however, the water column was neither a sink nor a 
source for N2O. A wastewater treatment plant discharging effluent into the tributary did not 
contribute significantly to the creek CH4 levels, but may have elevated N2O at the direct point of 
discharge. 
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6.2 Introduction 
Coastal features such as estuaries have been identified as natural sources of the highly potent 
greenhouse gases (GHGs), methane (CH4) and nitrous oxide (N2O) (Bange 2006; Ferron et al. 2007; 
Musenze et al. 2014). However, it is often difficult to quantify the gases and identify the estuarine 
sources and sinks where contributions from the water column and sediments (Law et al. 1992; 
Hovland et al. 1993; Bange 2006; Zhang et al. 2008), freshwater streams (Ferron et al. 2007; Call et 
al. 2015), and sewage discharges need to be considered (De Angelis and Scranton 1993; Toyoda et 
al. 2009; Beaulieu et al. 2010; Teixeira et al. 2010). Methane concentrations and emissions are 
found to be high in estuaries and streams surrounded by forests, agricultural land and peatlands (De 
Angelis and Lilley 1987; Jones and Mulholland 1998; Hope et al. 2001; Dawson et al. 2004; 
Kristensen et al. 2008). It is seen that high N2O concentrations and emissions occur in systems 
receiving freshwater from streams or groundwater, this is especially when fertilizer has been 
applied to the surrounding land producing nutrient rich runoff to the stream (Mosier et al. 1998; 
McMahon and Dennehy 1999; Machefert et al. 2004).  
There are many environmental and ecosystem factors that influence the levels of these GHGs in 
estuaries. Dissolved oxygen (DO) is a key factor governing whether CH4 is produced or consumed 
within a system. In well-mixed estuarine systems, oxic processes occur in the water column and in 
oxygenated surface sediments. In contrast, anoxic processes primarily occur in the deeper, anoxic 
layers of the sediments. Methane is mainly formed by microbial methanogenesis under anoxic 
conditions (Canfield et al. 2005). However, CH4 production can be strongly inhibited in sulfate-rich 
environments, e.g. estuaries or oceans (Poffenbarger et al. 2011; Marton et al. 2012), as 
methanogens and sulfate-reducing bacteria (SRB) compete for electron donors such as hydrogen or 
acetate (Oremland and Polcin 1982; Kristjansson and Schönheit 1983). Oxidation of CH4, which 
can occur under aerobic as well as anaerobic conditions (Bange 2006), conversely functions as a 
major CH4 sink (De Angelis and Scranton 1993). Similarly, the production or consumption of N2O 
is also influenced by DO. Nitrous oxide can be produced under oxic conditions as a byproduct of 
nitrification, or at oxic-anoxic interfaces, as an intermediate of denitrification (Ward 1996; 
Codispoti et al. 2001). Denitrifying bacteria can also reduce N2O to nitrogen gas (N2).  
The contribution of coastal regions to the global CH4 and N2O budgets is still uncertain (Ferron et 
al. 2007), and there are few studies that examine the production and consumption processes that 
ultimately determine CH4 and N2O emissions from these aquatic systems. There is a severe lack of 
knowledge especially for estuaries located in subtropical regions, particularly in the Southern 
Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012). The few existing studies show that the 
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estuarine sediments and water columns play important roles in producing CH4 and N2O (Law et al. 
1992; Hovland et al. 1993; De Bie et al. 2002; Bange 2006; Zhang et al. 2008).  
A recent study of the subtropical, Brisbane River estuary shows this to be a strong source of CH4 
and N2O all-year-round, with pronounced spatial and temporal variability in CH4 and N2O surface 
water concentrations and emissions (Musenze et al. 2014). However, the sources and sinks of these 
GHGs in the surface waters of the Brisbane River estuary have not been studied. 
The main objective of our study was to determine the CH4 and N2O sources and sinks in the 
subtropical Brisbane River estuary, focusing on the contributions of the water column, sediments, 
creeks, and wastewater treatment plant (WWTP) effluent. The study consists of three main parts. 
Firstly, a measurement campaign was conducted at 16 sites along the estuary where CH4 and N2O 
concentrations in surface water and sediment pore water were measured. Gradients between the 
sediment pore water and surface water concentrations were used to reveal if the sediments were a 
source or a sink of CH4 and N2O. Secondly, CH4 and N2O sediment-water fluxes were determined 
by laboratory incubations of sediment cores from three selected sites, located in the lower, middle 
and the upper estuarine reaches. Laboratory water column incubations from these selected sites 
provided insight of the contribution of the water column to the production or consumption of CH4 
and N2O. Finally, a detailed study at the confluence of the Brisbane River estuary and a selected 
creek was conducted to investigate whether the creek acted as a source or sink for CH4 and N2O. 
Sampling of WWTP effluent discharged into the creek was used to determine if wastewater effluent 
had a direct impact on the CH4 and N2O levels in the creek. 
6.3 Materials and methods 
6.3.1 Site description 
The Brisbane River estuary is located in the Southern Hemisphere in subtropical, South East 
Queensland, Australia. The estuary meanders through urban Brisbane, currently Australia’s third 
largest city (Australian Government Department of Infrastructure and Transport 2014), and flows 
into Moreton Bay with an average annual discharge of 1,400 × 106 m3 (Eyre et al. 1998). The 
estuary has confluences with the Bremer River, Oxley Creek (Fig. 6-1), and smaller creeks (not 
illustrated in Fig. 6-1). The estuary has a surface area of 19 km2 and a catchment area of 
13,643 km2. The natural tidal limit reaches 16 km along the length of the river from the estuary 
mouth (Holland et al. 2001), however, it now extends to 86 km (Davie et al. 1990; Holland et al. 
2001) due to major channel modifications (Eyre et al. 1998). The modifications in the lower 
Brisbane River estuary mainly consisted of extensive channel deepening (> 10 m), straightening 
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and hardening for ship navigation and port development (Hossain et al. 2004). The dredging depth 
at the estuary mouth is maintained at approximately 13 m which is followed by a 9 m-deep and 
20 km-long channel. The remaining channel of the estuary has an average depth between 4 and 8 m 
(Eyre et al. 1998), and the maximum width of the estuary is 1.34 km (Chanson et al. 2014). The 
estuary experiences a semi-diurnal tide with a tidal range at the estuary mouth of approximately 0.7 
to 2.7 m (mean neap tidal range of 1.0 m, mean spring tidal range of 1.8 m) (Chanson et al. 2014), 
and an average travel time of tides from the estuary mouth to the confluence with the Bremer River 
of approximately 3 h (Bureau of Meteorology 2014). The average water residence times for the 
mouth of the Brisbane River estuary and the lower, middle and upper Brisbane River estuary are 63 
to 68 d, and 110 to 120 d, 154 to 162 d and 187 to 189 d, respectively (Dennison and Abal 1999). 
Located in a subtropical region, the Brisbane River estuary has relatively high water temperatures 
(ranging between 16 and 29 °C among seasons (EHMP 2014)), and can experience distinct, 
seasonal rainfall patterns in contrast to estuaries located in temperate regions.  
In order to determine the contributions of the water column or sediments to act as CH4 or N2O 
sources or sinks the surface water- and surface pore water concentrations were measured in an 
extensive sampling survey (sampling conducted in August 2013) at 16 sites along the Brisbane 
River estuary (Fig. 6-1). Based on the survey results, 1 site in each of the lower- (site 2), the 
middle- (site 7), and the upper (site 15) estuary sections were chosen for further detailed studies. 
From these sites, water column and sediment-water samples were examined in laboratory 
incubation studies (sampling conducted in October 2013) to examine the role of the water column 
and sediments in CH4 and N2O production or consumption. To examine the role of creeks to the 
river GHG levels, sampling was conducted at site 7 and upstream in Oxley Creek (sampling 
conducted in August 2013). Additionally, CH4 and N2O concentrations in the Oxley WWTP 
effluent discharged to Oxley Creek (WWTP site sampling conducted in August 2013, Fig. 6-1) 
were examined to determine if the effluent was a source of these gases to the creek. 
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Figure 6-1: Locations of the field sampling sites in the Brisbane River estuary, South East Queensland, Australia. 
Detailed studies were conducted at three selected sites, located in the lower- (site 2), middle- (site 7) and upper (site 15) 
reaches. Studies were also conducted upstream in Oxley Creek at the site Oxley and at the site WWTP. Site distances 
are given from the estuary mouth except for the Oxley and WWTP sites, which are given as distances from the 
creek/estuary confluence (site 7).  
6.3.2 Sampling survey of the estuary 
Surface water 
Surface water samples at a water depth of approximately 0.2 m were taken to determine the 
concentrations of CH4 and N2O at the 16 sampling sites (Fig. 6-1). Depth profile measurements of 
oxygen from the surface water to the sediment surface at all sites showed that oxygen 
concentrations were comparable throughout the water column (data not shown), indicating well-
mixed conditions. Thus the surface water concentrations were regarded as being representative to 
the entire water column of the estuary. The surface water samples (n=3) were taken with a 12 mL 
syringe, and then pressure-filtered through 25 mm diameter, 0.22 µm pore-size filters (Merck 
Millipore, Billerica, MA, USA) into sampling vials. Samples for gas chromatography (GC) 
measurement of dissolved CH4 and N2O (6 mL) were transferred with a 0.64 mm needle 
(Livingstone International Pty Ltd, Rosebery, NSW, Australia) and syringe into 12 mL borosilicate 
glass vials capped with butyl rubber septa (938W Exetainer, Labco Ltd, Lampeter, UK). The vials 
were pre-flushed in the laboratory for five minutes with ultra-high purity nitrogen (N2) gas (BOC, 
Brisbane, Australia) as described in Sturm et al. (accepted). Vials containing the samples were 
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stored inverted, with the rubber septa caps down, at 4 °C. Prior to GC analysis, equilibration of the 
sample gases in headspace with the water column samples was obtained by incubation at 24 hours 
at room temperature. Methane and N2O concentrations were determined in the headspace of vials 
containing the surface water samples by GC (Agilent GC7890A, Agilent Technologies, Santa Clara, 
CA, USA). The GC was fitted with a flame ionisation detector and a micro-electron capture 
detector for the analysis of CH4 and N2O, respectively (Sturm et al. accepted). Henry’s law was 
used to calculate the concentrations in the liquid phase from the measured concentrations in the 
headspace (Henry 1803). 
At the 16 sampling sites salinity (measured using the Practical Salinity Scale), temperature, 
turbidity and DO measurements were taken approximately 0.2 m below the surface water using a 
multi-parameter sonde (YSI 6600, YSI Inc., Yellow Springs, OH, USA). 
Sediment surface pore water 
To determine the contribution of sediments as a source of CH4 and N2O, sediment surface pore 
water concentrations of CH4 and N2O were determined. Sampling was conducted at the 16 sites 
along the Brisbane River estuary (Fig. 6-1). Undisturbed sediment cores (n = 3) at each site were 
taken with a gravity corer (Envco Environmental Equipment Suppliers, Australia) fitted with acrylic 
liners (69 mm inner diameter, 500 mm long), and sealed with PVC caps. Rhizon samplers (19.21.23 
Rhizon CSS, Rhizosphere Research Products, Wageningen, Netherlands) with an outer diameter of 
2.5 mm, a length of 50 mm and a pore diameter of 0.15 µm were used for pore water sampling 
(Seeberg-Elverfeldt et al. 2005; Gihring et al. 2010; Shotbolt 2010). The acrylic liners for the 
sediment core collection had vertical, pre-drilled holes at 20 mm intervals. The holes were just 
slightly bigger in diameter size (4 mm) than the Rhizon samplers, and were sealed with duct tape 
prior to- and during the sediment collection. The tape was pierced with a needle after sediment 
collection for immediate horizontal insertion of the Rhizon samplers through the holes. The hole 
which was approximately 20 mm below the sediment-water interface of the sediment core was 
chosen for the Rhizon sampler insertion. The Rhizon samplers’ polymer tubes were connected to 
120 mm of PVC/PE tubing, and then to male luer-lock connectors which were attached to needles 
(23 G x 1.25 ", 0.64 mm, Livingstone International Pty Ltd, Rosebery, NSW, Australia). Evacuated 
Exetainers (12 mL borosilicate glass vials, 938W Exetainer, Labco Ltd, Lampeter, UK) were 
connected to the needles, and used to draw pore water from the sediments. The initial sampling 
vials with the first sampling drops were discarded as they contained air from the dead volume of the 
polymer tubes, PVC/PE tubing and needle. The sampling vials were pre-flushed with N2 gas (as 
described previously), and the vacuum was then manually drawn twice with a 30 mL syringe. To 
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account for potential contamination with residual gas, sample blanks were prepared in evacuated 
Exetainers by adding 6 mL of deaerated milliQ water (sparged with helium for 15 min, Coregas Pty 
Ltd, Yennora, Australia). Sample handling for CH4 and N2O measurements, and the analysis 
conducted by GC, followed the same procedures as described above. 
Water column and sediment-water incubations at three sites along the estuary 
Laboratory water column incubation studies were conducted in order to gain insight into the 
contribution of the water column to the production or consumption of CH4 and N2O. Water samples 
were taken at each of the three selected sites from above the sediments using a 4.2 L Niskin water 
sampler (Wildco, Wildlife Supply Company, Yulee, FL, USA). From each site, the lower- (site 2), 
middle- (site 7) and upper (site 15) reaches (Fig. 6-1), three replicate 0.5 L Schott bottles were filled 
with sample water (Schott AG, Mainz, Germany). The screw caps had three ports, one for sampling, 
one for refilling with site water, and one for oxygen measurements. It was ensured that no 
headspace was left in the bottles when the lids were screwed on. The bottles were covered with 
aluminum foil to prevent photosynthesis, and the water column was gently stirred using magnetic 
stirrers at a rate of 250 rpm. Dissolved oxygen and the temperature of the water column were 
monitored before the bottles were closed and after 10, 24 and 48 h using an optical DO probe 
(PreSens, Precision Sensing GmbH, Regensburg, Germany). Water column samples were taken 
before the bottles were closed and then through the sampling ports after being closed for 5, 10, 24 
and 48 hours for analysis of CH4, N2O, ammonium (NH4+) and nitrate (NO3-). Sample handling for 
CH4 and N2O measurements, and the analysis conducted by GC, followed the same procedures as 
described above. The samples for nutrient analysis (n=3) were pressure-filtered through 25 mm 
diameter, 0.22 µm pore-size filters (Merck Millipore, Billerica, MA, USA) into sterile 10 mL vials 
(Sarstedt AG & Co., Nümbrecht, Germany), and frozen until analysis using a Lachat 
QuickChem 8500 Flow Injection Analyser (Lachat Instrument, Milwaukee, WI, USA).  
 
Laboratory sediment incubations were conducted to determine sediment-water fluxes of CH4, N2O, 
NH4+ and NO3-. Three replicate, undisturbed, sediment core samples were collected at each of the 
three selected sites in the lower- (site 2), middle- (site 7), and upper (site 15) reaches (Fig. 6-1), 
with a gravity corer as described above. Sediment cores were 21.6 ± 6.1 cm deep with an overlying 
water column of 28.4 ± 6.1 cm. After transferring to the laboratory within 4 h, sediment cores were 
placed into incubators, and the top PVC caps were removed. The incubators were filled with surface 
water from the respective site. The water was maintained at the in situ temperature (25 °C) using 
water chillers. The open sediment cores were left to settle overnight while the water column above 
each sediment core was gently stirred using a magnetic stirring bar suspended in the water column, 
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and propelled by additional stirrer bars rotating at 18 rpm adjacent to the incubators. To mimic 
sediment collection conditions the incubator sides were shielded with aluminum foil, and light-
blocking cloth covered the top during the experiments. 
 
The core liners were capped 15 h after sampling using plexiglas lids with O-rings, and care was 
taken to prevent air bubbles. The lids contained three ports, one each for sampling, refilling with 
site water, and for oxygen measurements (tip sealed against sampling port). One-way valves were 
attached to the tubing (Masterflex Tygon, John Morris Scientific Pty Ltd, Chatswood, NSW, 
Australia) of the sampling and refilling ports, and a rubber stopper was used for the oxygen probe 
port if not in use. Both sampling and refilling were carried out with 20 mL syringes. The site water 
used for refilling was sampled at each site from above the sediments, using a 4.2 L Niskin water 
sampler (Wildco, Wildlife Supply Company, Yulee, FL, USA). Dissolved oxygen concentrations 
and temperature of the water column above all sediment cores were measured using an optical DO 
probe (PreSens, Precision Sensing GmbH, Regensburg, Germany), before the core liners were 
capped, and after 10, 24 and 48 h. Cores were inspected for signs of ebullition (bubble formation 
under cap) throughout the incubation times. Methane, N2O and nutrient (NH4+, NO3-) samples were 
taken before the sediment cores were capped and after 5, 10, 24 and 48 hours of being capped. All 
fluxes were corrected for the core volume and sediment surface area. Procedures for sample 
handling for CH4, N2O and nutrient measurements, and for the analysis conducted by GC and Flow 
Injection Analyser, followed those already described above. 
6.3.3 Detailed studies 
Creek surface water concentrations 
Surface water concentrations were sampled to investigate whether creeks act as a source or sink of 
CH4 and N2O. Sampling was conducted over a tidal cycle as CH4 and N2O concentrations are known 
to vary with the tide (Chapter 7.4.2). Samples were taken at site 7 and 2 km upstream within the 
creek at site Oxley (Fig. 6-1). This sampling design was chosen to give an indication if potential 
variations were reproducible or changed with distance from the confluence of estuary and creek 
(site 7). Surface water sampling for CH4 and N2O at site 7 was conducted every 30 min over the 
timeframe of one tidal cycle. Surface water sampling of CH4 and N2O at the Oxley Creek site was 
conducted every 90 min. The tidal levels were monitored locally at every sampling event. For this, a 
measuring tape was attached to a rigid pole and the distance between surface water and river bed 
was noted. Procedures for sample handling for CH4, N2O measurements, and for the analysis 
conducted by GC,
 
followed those already described above. 
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Discharged WWTP effluent 
A sampling campaign was conducted in order to identify if the Oxley WWTP, through discharging 
effluent into Oxley Creek, directly contributes to levels of CH4 or N2O in the creek. The WWTP is 
located 8 km upstream of site 7 in Oxley Creek (Fig. 6-1). Effluent was sampled and analysed for 
CH4 and N2O over 2 consecutive days for 9 h per day over 30 min (day 1) and 60 min (day 2) 
intervals. The effluent discharge rates were 46.8 ML d-1 for day 1 and 47.6 ML d-1 for day 2. 
Procedures for sample handling for CH4, N2O measurements, and for the analysis conducted by GC, 
followed those already described above. 
6.4 Results 
6.4.1 Sampling survey of the estuary 
The observed CH4 surface water concentrations ranged between 48 ± 1.3 (at the river mouth) and 
687 ± 12 nmol CH4 L-1 (upper reach) equating to between 2,160 and 26,900% of atmospheric 
saturation level (Fig. 6-2B). The supersaturated CH4 found in the surface water at all sampling sites 
established that the estuary was a source of CH4 to the atmosphere. Methane surface water 
concentrations increased with distance to the estuary mouth and with decreasing salinity (Fig. 6-
2A). Peak CH4 surface water concentrations were found at sites 2 and 7 (6 km and 39 km from the 
estuary mouth, respectively). Methane surface pore water concentrations varied substantially 
(three orders of magnitude) between 355 ± 91 and 132,410 ± 70,840 nmol CH4 L-1 equating to 
between 16,700 and 5,485,000% of atmospheric saturation level (Fig. 6-2B). Methane surface pore 
water concentrations were shown to be approximately 7-900 times higher than the surface water 
concentrations, indicating that the sediments were a source of CH4. Methane surface pore water 
concentrations increased in the first 34 km from the estuary mouth, demonstrating peak 
concentrations at site 6. Further upstream from site 6 no clear peaks were observed but CH4 surface 
pore water concentrations still varied over two orders of magnitude. Surface water and surface pore 
water CH4 concentrations were found to be in the same order of magnitude at site 16, but varied up 
to three orders of magnitude at site 6.  
 
Nitrous oxide surface water concentrations were at similar levels at all sampling sites and showed 
no clear concentration peaks at any of the sites (Fig. 6-2C). Nitrous oxide surface water 
concentrations ranged between 10 ± 0.3 and 20 ± 0.4 nmol N2O L-1 equating to between 140 and 
230% of the atmospheric saturation level. The surface water had supersaturated N2O at all sampling 
sites indicating that the estuary was a source of N2O to the atmosphere. N2O surface pore water 
concentrations (Fig. 6-2C) were in general slightly higher (17 to 61%) than N2O surface water 
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concentrations, except for two sites, site 5 and 1, where the surface water concentrations exceeded 
the surface pore water concentrations by 14 to 24% respectively. Comparison of N2O surface water 
concentrations and surface pore water concentrations showed that the sediments were mainly a 
source of N2O and in some cases a weak sink. The N2O surface pore water concentrations ranged 
between 11 ± 1 and 45 ± 16 nmol N2O L-1 equating to between 145 and 550% of the atmospheric 
saturation level. The N2O surface pore water concentrations increased over the first 39 km of the 
estuary, and a concentration peak was observed at site 7. Further upstream of site 7 the N2O surface 
pore water concentrations decreased to levels similar to those observed at the estuary mouth.  
 
Figure 6-2: Salinity (A), surface water concentrations and surface pore water concentrations of CH4 (B) and N2O (C) at 
all sampling sites. N.B. the CH4 concentrations are plotted on a log scale. Methane and N2O concentrations are given as 
averages ± SE, n = 3.  
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6.4.2 Water column and sediment-water incubations at three sites along the estuary 
To further investigate the role of water column and sediments for CH4 and N2O production and 
consumption, water column and sediment-water incubation experiments were conducted at sites 2, 7 
and 15. 
 
With DO present during the entire incubation time in most cores (Fig. 6-3A to 6-3C), the waters of 
site 2 (Fig. 6-3F), site 7 (Fig. 6-3E) and site 15 (Fig. 6-3D) were a sink for CH4. All replicate 
analyses of the site samples indicated consistent consumption of CH4. The waters of site 2 (Fig. 6-
3I) and site 15 (Fig. 6-3G) did not clearly produce nor consume N2O. The water of site 7 (Fig. 6-
3H) showed the same trend in the first 24 h; however, N2O was produced when the DO level fell 
after 24 h. The waters of site 2 (Fig. 6-3L), site 7 (Fig. 6-3K) and site 15 (Fig. 6-3J) were neither a 
clear source nor a sink of NH4+. Consumption of NO3- was observed at sites 2 (Fig. 6-3O) and 7 
(Fig. 6-3N). At site 15, NO3- was initially produced but then consumed after 10 h (Fig. 6-3M).  
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Figure 6-3: Water column incubation studies of site 2 in the lower reach, site 7 in the middle reach and site 15 in the 
upper reach. The concentrations of DO (A-C), CH4 (D-F), N2O (G-I), NH4+-N (J-L) and NO3--N (M-O) are presented 
over the incubation time of 48 h. Replicate incubations are plotted separately. N.B. the y-axis scale of the CH4, N2O and 
NO3--N concentrations are not the same for all sites. 
The sediments of site 2 in the lower reach and site 7 in the middle reach were a source of CH4 
(Fig. 6-4F and Fig. 6-4E, respectively) whereas the sediment of site 15 was a sink of CH4 (Fig. 6-
4D). The clearest sedimentary CH4 production was observed in the middle reach, especially after 
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the DO in the overlying water was depleted from 24 h onwards (Fig. 6-4B). The CH4 production in 
the lower reach was highest in the first 5 h of incubation, after which it slowed down in one 
replicate core, and converted to CH4 consumption in two replicate cores. Two replicate cores in the 
lower reach showed CH4 concentrations that were approximately three times higher than observed 
in the middle reach after 5 h of incubation. Incubated sediments of both sites consisted of silt 
(Appendix Fig. A.6-1), classified according to Wentworth (1922). The sediments of site 15 in the 
upper reach consistently consumed CH4 (Fig. 6-4D) throughout the whole incubation time depleting 
DO within 24 h or 48 h (Fig. 6-4A). Incubated sediments of site 15 consisted of coarse sand 
(Appendix Fig. A.6-1), classified according to Wentworth (1922). 
 
The sediments of site 2, site 7 and site 15 were a source of N2O (Fig. 6-4I, Fig. 6-4H and Fig. 6-4G, 
respectively). At all sampling time points, N2O concentrations were generally comparable among 
sites. However, DO depletion was observed at different incubation time points. This ranged 
between 24 h, e.g. at site 7, and 48 h for two replicate cores of site 2, or for 2 replicate cores of 
site 15 the DO depletion was not observed within the 48 h incubation. The sediments of site 2 in the 
lower reach (Fig. 6-4L) and site 7 in the middle reach (Fig. 6-4K) were sources of NH4+. The coarse 
sediments of site 15 in the upper reach (Fig. 6-4J) did not show a clear pattern of NH4+ production 
or consumption
 
during incubation, and concentrations over the entire incubation time of 48 h were 
one order of magnitude lower than those observed at the other two sites. The sediments of site 2 
(Fig. 6-4O), site 7 (Fig. 6-4N) and site 15 (Fig. 6-4M) clearly showed NO3- consumption over time.  
 
These sediment-water CH4 and N2O levels were determined without correction of potential uptake 
or production in the water column of the incubated sediment-water cores (Fig. 6-4), thus they are 
not blank corrected. Averaged sediment-water CH4 fluxes, where the oxidation of CH4 (calculated 
over 48 h) in the water column is taken into account, were determined to be 15.3 ± 3.8 µmol CH4 m-
2
 d-1 for the lower reach, 2.4 ± 0.5µmol CH4 m-2 d-1 for the middle reach and 2.6 ± 0.6 µmol CH4 m-
2
 d-1 for the upper reach. Sediment-water N2O fluxes were also calculated taking into account the 
water phase oxidation of N2O (calculated over 48 h, excepting the middle reach rate was calculated 
over 24h). These were 6.9 ± 3.8 µmol N2O m-2 d-1 for the lower reach, 8.2 ± 1.3 µmol N2O m-2 d-1 
for the middle reach and 12.6 ± 1.5 µmol N2O m-2 d-1 for the upper reach. 
 
   
 Chapter 6 
 
120 
  
Figure 6-4: Sediment core incubation studies of site 2 in the lower reach, site 7 in the middle reach and site 15 in the 
upper reach. The concentrations of DO (A-C), CH4 (D-F), N2O (G-I), NH4+-N (J-L) and NO3--N (M-O) are presented 
over the incubation time of 48 h. Replicate incubations are plotted separately. N.B. the y-axis scale of the CH4 
concentrations and NH4+-N concentrations are not the same for all sites. 
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6.4.3 Detailed studies 
Creek surface water concentrations 
Methane concentrations upstream of the creek at site Oxley were always higher than those at 
sampling site 7 (the confluence of creek and estuary) excepting for the final time point of 17:00 h 
(Fig. 6-5A). These increased levels differed by 36 to 568 nmol CH4 L-1. Nitrous oxide 
concentrations at site Oxley were always slightly higher than the concentrations at the confluence of 
creek and estuary (Fig. 6-5B). These increased levels differing by 0.2 to 4 nmol N2O L-1.  
 
Figure 6-5: Surface water concentrations of CH4 (A) and N2O (B) plotted with the tidal level over a sampling period of 
12 h at site 7 in the middle reach and at site Oxley upstream of site 7 in Oxley Creek. Concentrations are given as 
averages ± SE, n = 3. 
Discharged WWTP effluent 
Methane concentrations from effluent sampled at the WWTP showed no clear patterns over the 
sampling time and concentrations were generally similar over the two sampling days (Fig. 6-6A). 
The observed CH4 concentrations ranged between 103 and 166 nmol CH4 L-1 equating to between 
3,947 and 6,400% of the atmospheric saturation level. With the given effluent discharge rates this 
amounted to a discharge of 6 ± 1 mol CH4 d-1 or 99 ± 19 g CH4 d-1 (averaged over both days). 
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Nitrous oxide levels from the effluent sampled at the WWTP were relatively stable between 
9:00 am and 14:00 pm but showed elevated concentrations in the morning during the hours of 
7:25 am and 9:00 am, and in the afternoon from 14:00 pm to 16:00 pm (Fig. 6-6B). The effluent 
N2O concentrations ranged between 25 and 256 nmol N2O L-1, equating to between 298 and 
3,000% of the atmospheric saturation level, and amounting to a discharge from the WWTP of 
4 ± 3 mol N2O d-1 or 120 ± 76 g N-N2O d-1 (averaged over both days). 
 
Figure 6-6: Methane (A) and N2O (B) concentrations of the WWTP effluent discharging into Oxley Creek at site 
WWTP. Concentrations are given as averages ± SE, n = 3. 
6.5 Discussion 
6.5.1 Methane and N2O sources and sinks 
Both, the presence of CH4 and N2O at supersaturated levels in the surface water at all sampling 
sites, and the measured CH4 and N2O emissions, showed that the subtropical Brisbane River estuary 
is a significant source of these GHGs. This confirmed previous Brisbane River estuary study 
findings from Musenze et al. (2014), where CH4 and N2O surface water concentrations were in the 
same range or even exceeded the levels presented here. The surface water CH4 concentrations of 
this study (48 to 687 nmol CH4 L-1) are also within the ranges reported by Kone et al. (2010) from 
tropical rivers (48 to 870 nmol CH4 L-1) and those reported by Upstill-Goddard et al. (2000) from 
temperate estuaries (3.8 to 666 nmol CH4 L-1). The surface water N2O concentrations we detected 
(10 to 20 nmol N2O L-1) are also near estuarine levels previously detected (2.1 to 1,457 nmol L-1) 
(Bange et al. 1996; Zhang et al. 2010). Higher estuarine surface water N2O levels have been 
detected, however, these were in systems with high nitrogen loadings (Bange et al. 1996).  
 
This study identified sediments and creeks as sources for CH4 and N2O, and the water column as a 
sink for CH4 with regard to contributing to these GHG levels in the surface water of this system. 
Sediments were clearly a source of CH4 at all investigated sites, as demonstrated by up to 900 times 
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higher concentrations detected in the sediment surface pore water compared to the surface water. 
Sedimentary production of CH4 shown by sediment-water incubations at selected sites further 
supported sediments as a source of these gases. Sedimentary CH4 production was observed in 
sediment cores consisting of silt from the lower and middle reaches. These sediment-water CH4 
fluxes are comparable with fluxes observed in the Changjiang Estuary (Zhang et al. 2008), Tomales 
Bay (Sansone et al. 1998) and Danube delta (Ivanov et al. 2002). In contrast, our sediment-water 
CH4 fluxes were lower than those detected from anoxic sediments of the Cape Lookout Bight 
(Martens and Klump 1980). Different conditions prevailing in each aquatic system such as the 
organic matter content, DO concentrations or salinity may explain the spatial variations of 
sediment-water CH4 fluxes among systems. 
 
It is noted that CH4 consumption was observed for the sediment consisting of coarse sand from the 
upper reach (site 15). This may be related to differences of solute mass transfer through these 
different types of sediments. Solute transfer through porous, sandy sediments is mainly driven by 
the mass flow process of pore water advection through pressure gradients across the sediment 
surface, whereas solute transfer in cohesive, silty sediments is mainly restricted to diffusion driven 
by concentration gradients (Huettel and Gust 1992; Huettel et al. 2003). It has been observed before 
that estimates of sediment-water CH4 fluxes in laboratory sandy sediment incubations are unreliable 
when the in situ pressure gradients are not adequately mimicked (Jahnke et al. 2000). Thus, possibly 
our laboratory based CH4 consumption or production rates measured for site 15 are different to 
those under natural flow conditions.  
 
Sediments were also a source of N2O at most investigated sites with higher concentrations in the 
sediment surface pore water compared to the surface water. Nitrous oxide was produced in all 
sediment cores from the sites in the lower, middle and upper reaches. The sediment-water 
incubation results showed that NO3- consumption occurred; suggesting that N2O production by 
denitrification took place. Denitrification could hence contribute to N2O production at the oxic-
anoxic interface potentially located at the sediment surface or in the sediments. In other studies, 
sediment-water N2O fluxes detected from deep marine sediments, sediments from inter-tidal 
mudflats and inter-tidal estuaries showed high temporal and spatial variations with fluxes ranging 
from -5 to 600 µmol N2O m-2 d-1 (Barnes and Owens 1998; Usui et al. 1998; Laursen and Seitzinger 
2002; Zhang et al. 2010; Allen et al. 2011). The sediment-water N2O fluxes measured here at the 
Brisbane River estuary fall within this wide range of fluxes and were comparable with those 
observed in the Changjiang Estuary (Zhang et al. 2010) and the Tamar estuary (Law et al. 1992). 
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Our sediment-water N2O fluxes were lower than those detected from the Colne Estuary; however, 
this estuary is described as hypernutrified with strong gradients of NH4+ and NO3- and strong 
gradients of benthic denitrification (Robinson et al. 1998; Dong et al. 2004). 
 
Methane surface water concentrations were seen to progressively increase in the sites moving 
upstream from the estuary mouth. These increasing CH4 concentrations also correlated with 
decreasing salinity in the Brisbane River estuary (Fig. 6-2). Such spatial patterns of increased CH4 
in combination with decreasing salinity along estuaries have been observed previously (De Angelis 
and Scranton 1993; Bange et al. 1994; Upstill-Goddard et al. 2000; Musenze et al. 2014) and are 
potentially a result of decreasing dilution of the water column with the saline water from the 
adjacent bay. In addition to direct dilution, the observed pattern of CH4 concentrations will likely 
also be a result of substrate competition between methanogens and SRB. Sulfate-reducing bacteria 
have a higher substrate affinity for hydrogen and acetate, and thus have the ability to outcompete 
methanogens for energy sources when sulfate is available (Oremland and Polcin 1982; Kristjansson 
and Schönheit 1983). Also contributing to possible spatial patterns of water column CH4 
concentrations are turbidity levels. In other studies high CH4 levels are detected in regions that had 
increased turbidity (Upstill-Goddard et al. 2000; Zhang et al. 2008). However, in our sampling 
survey, high CH4 concentrations were not observed at the turbidity maximum, which was at site 8 
with a salinity of 12 (Supplement Fig. A.6-2A). Although observed elsewhere (Law et al. 1992; 
Barnes and Owens 1998), surface water N2O concentrations in the current study did not increase 
with decreasing salinity.  
 
The contribution of Oxley Creek as a source of CH4 was evident as CH4 concentrations were up to 
3.5 times higher upstream within the creek at site Oxley than at the creek mouth. The importance of 
creeks as a source of CH4 is strongly demonstrated in studies of other estuaries. Call et al. (2015) 
found CH4 concentrations approximately 4 times higher upstream within a tidal mangrove creek 
(Kangaroo Island, Southern Moreton Bay, subtropical Australia) as compared to concentrations at 
the creek mouth. Sansone et al. (1998) identified two creeks as directly contributing significant 
amounts of CH4 to Tomales Bay, California during the winter. Additionally, Middelburg et al. 
(2002) observed high CH4 concentrations in creeks and tidal flats, and identified them as directly 
contributing CH4 to estuarine waters.  
 
The water column of the Brisbane River estuary has been identified as a CH4 sink as all incubations 
demonstrated CH4 consumption, with the highest rates during the early stages of the incubations 
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when most DO was available. Methane in the water column was likely oxidised by oxygen. Under 
oxic conditions, the incubation studies were generally most representative of the in situ environment 
due to the water column of the Brisbane River estuary being a highly mixed and oxic system. Initial 
DO concentrations represent the in situ field conditions under which the surface water samples were 
taken (Supplement Fig. A.6-2B). De Angelis and Scranton (1993) found that CH4 oxidation can be 
the dominant sink limiting CH4 release to the atmosphere, especially at low salinity. That 
investigation also found that CH4 oxidation decreased with increasing salinity explained by 
inhibited methanotrophic activity due to salt (De Angelis and Scranton 1993); however, this was not 
the case in our study as the CH4 concentrations in the surface water were similar at lowest and 
highest salinity.  
 
The oxic water column of the Brisbane River estuary could not be identified as a N2O sink or 
source. Water column incubations showed that N2O was not clearly consumed or produced during 
oxic conditions. Supersaturated N2O in the surface water, resulting mainly from sediment release, 
was also found in the Tamar Estuary, England (Law et al. 1992). However, in other estuarine 
studies the water column can play an important role in N2O production (Barnes and Owens 1998; 
De Wilde and De Bie 2000; Beaulieu et al. 2010), indicating variability among estuaries. The 
incubated water column of site 7 from the middle reach displayed potential for N2O production 
under anoxic conditions. Here, N2O was produced at the final time point (48h) in the only 
incubations that showed depleted DO. In this case, elevated N2O concentrations in combination 
with NO3- consumption indicated N2O production by denitrification.  
 
Wastewater discharges into waterways are identified as external point sources contributing to high 
GHG concentrations, especially for N2O (De Angelis and Scranton 1993; Toyoda et al. 2009; 
Beaulieu et al. 2010; Teixeira et al. 2010). Elevated GHG concentrations in Oxley Creek could be 
due to the effluent discharged from the Oxley WWTP. However, CH4 concentrations measured in 
the WWTP effluent were consistently lower than the concentrations at site Oxley and at the 
confluence of estuary and creek. Thus, it is unlikely that the CH4 concentrations in the effluent 
directly contributed to elevated concentrations at the sampling sites. Nitrous oxide concentrations 
measured in the WWTP effluent were up to 1 order of magnitude higher than the concentrations at 
site Oxley and site 7. Consequently, N2O in the effluent may elevate concentrations in the creek at 
the direct point of discharge. 
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6.5.2 Overall CH4 and N2O balance in the estuarine system 
Based on data measured in our study, the CH4 and N2O budget for the Brisbane River estuary was 
estimated, using the following approach: 
X = ± B ± S ± W - E, (6-1) 
where X is the unidentified CH4 or N2O source or sink of the system, B is the loss or gain of CH4 or 
N2O due to water exchange with the bay, S is the sediment-water CH4 or N2O production or 
consumption, W is the water column CH4 or N2O production or consumption and E is the loss of 
CH4 or N2O due to emissions. The ± sign incorporates the gain or loss of CH4 or N2O in the system 
(+ indicating gain/production, ˗ indicating loss/consumption).  
 
Parameters used for the budget calculation and the corresponding CH4 or N2O values are presented 
in Table 6-1. To determine B in Eq. (6-1), averaged surface water concentrations measured at the 
mouth of the estuary in Moreton Bay (Musenze et al. 2015), were subtracted from the averaged 
surface water concentrations measured in the lower reach (Appendix Table A.6-1). This 
concentration was multiplied by the average daily exchange of 3,835 × 103 m3 from the Brisbane 
River estuary into Moreton Bay (Eyre et al. 1998). S was determined by multiplying the averaged 
sediment-water fluxes of the sediment-water incubation studies (Appendix Table A.6-2) with an 
estuarine surface area of 19 km2 (Chanson et al. 2014). The uncertainty in sediment-water fluxes S 
reflects the observed high degree of spatial variability. To determine W, averaged water column 
rates of the incubation study (Appendix Table A.6-3) were multiplied by the estuarine volume of 
133 × 106 m3 (Eyre et al. 1998). Nitrous oxide water column rates W were set to 0 as there was no 
clear production or consumption during the experiments. E was determined by multiplying the 
averaged emissions (Appendix Table A.6-4) of the lower, middle and upper reaches with an 
estuarine surface area of 19 km2. 
 
Table 6-1: Data used for the calculation of the estuarine CH4 and N2O budget. Letters in parentheses indicate the terms 
in Eq. (6-1). Values for CH4 and N2O are given as averages ± SE in mol d-1. The + signs indicate the loss of CH4 and 
N2O from the system and the - signs indicate the gain of CH4 and N2O from the system. 
Parameter CH4 [mol d-1] N2O [mol d-1] 
Water exchange with bay (B) ˗ 544 ± 22 ˗ 2 ± 0 
Sediment-water fluxes (S) + 129 ± 25 + 175 ± 27 
Water column rates (W) ˗ 1,821 ± 172 set to 0 
Emissions (E) ˗ 8,655 ± 459 ˗ 73 ± 19 
Balance + 10,892 ± 491 ˗ 100 ± 33 
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The CH4 and N2O budgets for the Brisbane River estuary contain relatively high levels of 
uncertainties, particularly in relation to term S. The sediment-water production or consumption, S, 
was calculated by multiplying sediment-water fluxes with the estuarine surface area, potentially 
underestimating the actual surface area of the sediments. However, these uncertainties unlikely fully 
explain the balance errors.  
 
Methane and N2O surface water concentrations measured in the lower reach were used for the water 
exchange with the bay, B. These concentrations fit well in the CH4 and N2O concentration ranges of 
previous Brisbane River estuary studies measured over three years and different seasons (Musenze 
et al. 2014). Emissions of CH4 and N2O, E, which were directly measured with floating chambers 
fall within the ranges- or are lower (N2O, upper reach) than the emissions estimated by Musenze et 
al. (2014) at the same sampling sites (based on different wind- and current speed models).  
 
The estimated budget shows that the Brisbane River estuary has unknown CH4 sources of 
approximately 11,000 mol d-1, as sediment-water fluxes, the only CH4 source considered in this 
estimation, cannot explain what is consumed, emitted or transported from the estuary. Methane 
fluxes measured by sediment-water incubations only explain approximately 2% of the identified 
sinks. This further indicates that creeks are potentially a significant source of CH4. Oxley Creek 
surface water had concentrations which were on average 36 to 568 nmol CH4 L-1 higher over a tidal 
cycle than concentrations at the confluence with the Brisbane River estuary. In addition to Oxley 
Creek, there are other comparable waterways including Bulimba-, Breakfast-, Moggill- and Norman 
Creek as well as the Bremer River which discharge into the Brisbane River estuary. These 
waterways were not investigated but possibly have higher CH4 concentrations than the estuary. 
These creeks may receive higher amounts of organic matter and have low salinity compared to the 
estuary, favouring CH4 production. It has also been shown that CH4 inputs from surficial freshwater 
runoff can contribute or even dominate the CH4 budget e.g. Tomales Bay (Sansone et al. 1998). 
Methane could also be transported into the system through groundwater (tidal pumping) enriched 
with CH4; the direct link between surface water CH4 and groundwater exchange was observed in 
other tidal creeks and estuaries (Bouillon et al. 2007; Kristensen et al. 2008; Call et al. 2014; Maher 
et al. 2015). In addition to Oxley WWTP other WWTPs could also contribute to CH4 in the 
estuarine system. However, no peaks in CH4 concentration were observed at site 1 where the 
Luggage Point WWTP is situated, being the largest WWTP discharging into the Brisbane River 
estuary i.e., approximately 132 ML d-1 (Farré et al. 2010).  
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The estimated CH4 budget for the Brisbane River estuary is in contrast to the budget for N2O. Here, 
the N2O produced in the sediments is to a large extent emitted, and there are no other obvious N2O 
sources or sinks. Although the budget calculation indicated unknown N2O sinks of approximately 
100 mol d-1, this figure could be due to an accumulation of small errors in the estimation of 
parameters. 
 
Methane and N2O concentrations from estuarine systems show high spatial variability in the few 
existing studies. Studies to date show that estuaries are almost always supersaturated with CH4 and 
N2O, but sources and sinks contributing to CH4 and N2O remain unclear. More detailed studies are 
required to better understand estuarine CH4 and N2O production, and to give accurate system 
estimates. In addition, it is essential to expand the limited data set from subtropical and tropical 
regions which experience high temperatures, in order to gain insight into how temperate regions 
could be affected by climate change. 
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6.7 Appendix 
6.7.1 Sediment grain size analysis 
Samples were taken at 16 sampling sites, and again, at three further selected sites; the same 
locations were used as for taking sediment cores for pore water analysis and sediment incubations. 
Samples were derived from sediment cores taken with a gravity corer (Envco Environmental 
Equipment Suppliers, Australia) fitted with acrylic liners (69 mm inner diameter, 500 mm long). A 
mixed sediment sample from one core per site was used for analysis, apart from sites 4 and 5 where 
the sediment clearly consisted of two different grain types, and was thus divided into two sub-
samples. The sediment grain sizes were analysed by laser diffraction (Mastersizer 2000 with a 
Malvern Hydro2000Mu, Malvern Instruments Ltd, Malvern, UK), and classified according to 
Wentworth (1922). 
 
A heterogeneous distribution of sediments could be observed throughout the estuary (Appendix 
Fig. A.6-1). The majority of sediments consisted of silt grains with median grain sizes ranging 
between d (0.5) of 5 µm and 57 µm. Sediments were classified as very fine sand for site 11 (d (0.5) 
of 92 µm), medium sand for site 1 (d (0.5) of 330 µm), and coarse sand for site 16 (d (0.5) of 
673 µm). Sediments at sites 4 and 5 consisted in the upper 10 cm of silt grains (d (0.5) site 4: 
12 µm, site 5: 7 µm), and of medium sand (d (0.5) site 4: 290 µm) or coarse sand (d (0.5) site 5: 
550 µm) below the silt layer. Sediments sampled in the detailed study at the sites in the lower and 
middle reaches displayed similar characteristics to the sediments in the overall study. However, 
sediments sampled in the upper reach could be classified as coarse sand (d (0.5) of 509 µm) in 
contrast to the sediments consisting of silt grains (d (0.5) of 18 µm) in the overall study. 
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Figure A.6-1: Particle size distribution, given as median grain size d (0.5), of the survey study and detailed study at site 
2 in the lower reach (13 km), site 7 in the middle reach (39 km) and site 15 in the upper reach (82 km). 
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6.7.2 Turbidity and dissolved oxygen surface water measurements 
 
Figure A.6-2: Turbidity (A) and dissolved oxygen (B) measurements from approximately 0.2 m below the water surface 
at all sampling sites. 
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6.7.3 Estuarine CH4 and N2O budget 
Surface water concentrations 
Table A.6-1: CH4 and N2O water exchange concentrations used for the estuarine budget calculation. Values for CH4 and 
N2O in the lower reach are given as averages ± SE, and in Moreton Bay as averages. 
Surface water concentration CH4 [nmol L-1] N2O [nmol L-1] 
Lower reach 174 ± 6 11.2 ± 0 
Moreton Bay (at estuary mouth)* 32 10.7 
difference 142 ± 6 0.5 ± 0 
*Musenze et al. (2015)  
 
Sediment-water fluxes 
Table A.6-2: CH4 and N2O sediment-water fluxes used for the estuarine budget calculation. Fluxes were calculated over 
48h. Values for CH4 and N2O are given as averages ± SE. 
Sediment-water fluxes CH4 [µmol m-2 d-1] N2O [µmol m-2 d-1] 
Lower reach 15.4 ± 3.8 6.9 ± 3.8 
Middle reach 2.4 ± 0.5 8.2 ± 1.3 
Upper reach 2.6 ± 0.6 12.6 ± 1.5 
average 6.8 ± 1.3 9.2 ± 1.4 
 
 
Water column rates 
Table A.6-3: CH4 and N2O water column rates used for the estuarine budget calculation. Rates were calculated over 
48h, except for N2O in the middle reach where the rate was calculated over 24h. Values for CH4 and N2O are given as 
averages ± SE. 
Water column rates CH4 [µmol L-1 d-1] N2O [µmol L-1 d-1] 
Lower reach -0.0205 ± 0.0037 -0.0004 ± 0.0002 
Middle reach -0.0062 ± 0.0006 -0.0008 ± 0.0001 
Upper reach -0.0144 ± 0.0010 -0.0005 ± 0.0001 
average -0.0137 ± 0.0013 -0.0006 ± 0.0001* 
*set to 0 in budget calculations 
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Water-air emissions 
Table A.6-4: CH4 and N2O emissions at the water-air interface used for the estuarine budget calculation. Values for CH4 
and N2O are given as averages ± SE. 
Emissions CH4 [µmol m-2 d-1] N2O [µmol m-2 d-1] 
Lower reach 775 ± 59 4.0 ± 0.5 
Middle reach 399 ± 42 5.4 ± 2.9 
Upper reach 193 ± 4 2.2 ± 0.4 
average 456 ± 24 3.9 ± 1.0 
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7.1 Abstract 
This study investigates the tidal variability in methane (CH4) and nitrous oxide (N2O) emissions 
along a gradient of the subtropical Brisbane River estuary. Sampling was conducted at three 
estuarine sections in the upper, middle and lower reaches and over two tidal cycles in the year of 
2013 and 2014, respectively. Significant differences in CH4 and N2O emissions were observed over 
a tidal cycle at all sites. Methane
 
and N2O emissions measured at all locations and in both 
campaigns varied substantially, with the maximum to minimum flux ratio in a cycle varying 
between 2.5-9 and 1.7-4.7 times, respectively. Tidal cycle measurements revealed elevated CH4 
emissions just before or at slack tides whereas elevated CH4 concentrations were found during low 
tides. In comparison, no clear patterns were observed between the N2O concentrations or N2O 
emissions and the tidal cycle despite of large variations in N2O emissions in some cases. Surface 
water concentrations and tidal currents played important roles in CH4 and N2O emission variations, 
whilst wind was not the dominant force influencing the overall pattern of emissions. The study 
findings showed that measurements at a single point in time and site would result in gross errors in 
CH4 and N2O emission estimates. An adequate and careful sampling is required to capture spatial 
and temporal variations in CH4 and N2O emissions and surface water concentrations. This should 
cover sampling over at least one tidal cycle in different estuarine sections. 
 
  
   
 Chapter 7 
 
140 
7.2 Introduction 
Methane (CH4) and nitrous oxide (N2O) are powerful greenhouse gases (GHGs) influencing the 
Earth’s climate with global warming potentials being 34 and 298 times that of carbon dioxide, 
respectively, when calculated on a 100-yr time horizon (Myhre et al. 2013). Coastal areas such as 
estuaries have been identified as natural sources of these GHGs, with CH4 and N2O accounting for 
75% (Bange et al. 1994) and 35-60% (Bange et al. 1996; Seitzinger et al. 2000), respectively, of the 
global oceanic production. However, global CH4 and N2O emission estimates as well as 
concentration measurements of estuaries show high spatial and temporal variability and data are 
limited (Law et al. 1992; Middelburg et al. 2002; Abril and Borges 2005). The lack of data is 
especially pronounced in estuaries located in subtropical regions, particularly in the Southern 
Hemisphere (Ortiz-Llorente and Alvarez-Cobelas 2012), including Australia. These systems are 
likely to form an important component for Australian GHG budgets as they occupy a relatively 
large surface area, over 38,000 km2 in Australia (Geoscience Australia 2014). 
Methane and N2O emissions in estuarine systems can be directly measured with floating chambers 
where the gas accumulation over time is used for emission rate calculations. These emissions as 
well as CH4 and N2O surface water concentrations in estuarine systems are typically measured at a 
fixed time, often in combination with spatial surveys along the estuary and possibly repeated over 
seasons. While this sampling may be adequate to capture spatial variations along estuaries at a fixed 
point in time and general seasonal patterns, it cannot measure diurnal and tidal cycle variability of 
CH4 and N2O emissions or concentrations. Measurements considering diurnal and tidal dynamics 
are rare although changes can be significant (Allen et al. 2007; Ferron et al. 2007; Tong et al. 2013; 
Maher et al. 2015). These significant changes are important to be captured especially when the 
results are used to estimate estuarine GHG budgets of CH4 and N2O. 
Methane in estuarine environments is mainly formed by microbial methanogenesis under anoxic 
conditions (Canfield et al. 2005) as found e.g. in sediments. However, CH4 oxidation can occur 
under aerobic as well as anaerobic conditions as found in the water column and/or sediments 
(Bange 2006). Nitrous oxide in estuarine environments can be produced under oxic conditions as a 
by-product of nitrification, or at oxic-anoxic boundaries as an intermediate of denitrification. 
Denitrifying organisms can also contribute to consumption of N2O by reducing N2O to nitrogen gas 
(Ward 1996; Codispoti et al. 2001). Nitrous oxide production (nitrification, denitrification) or 
consumption (denitrification) depend on the distribution of dissolved oxygen and can occur in the 
water column or sediments (De Bie et al. 2002; Bange 2006).  
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The main objective of this study was to investigate the tidal variability in CH4 and N2O emissions 
along a gradient of the Brisbane River estuary. For this, three sites were chosen in the lower, middle 
and upper reaches of the estuary and two tidal cycle sampling campaigns were conducted in 
2013and 2014, respectively. Results of CH4 and N2O emissions were interpreted and analysed with 
measured CH4 and N2O surface water concentrations, wind speed and current speed. We highlight 
that it is important to consider the temporal and spatial variations in emissions and surface water 
concentrations in sampling designs for estuaries. 
7.3 Materials and methods 
7.3.1 Site description 
The Brisbane River estuary which is located in the Southern Hemisphere in subtropical South East 
Queensland, Australia, discharges into Moreton Bay and has confluences with the Bremer River, 
the Oxley Creek (Fig. 7-1) and some other smaller creeks (not illustrated in Fig. 7-1). The surface 
area of the estuary is 19 km2 and the catchment area is 13,643 km2. The estuary has undergone 
major channel modifications (Eyre et al. 1998) as extensive channel deepening (> 10 m), 
straightening and hardening for ship navigation and port development (Hossain et al. 2004). These 
modifications led to an increase in the natural tidal limit from 16 km (Holland et al. 2001) to 
today’s 86 km (Davie et al. 1990; Holland et al. 2001). The estuary mouth depth is maintained by 
dredging at approximately 13 m, this is followed by a 9 m-deepened and 20 km-long channel and 
the remaining estuary channel has an average depth between 4 and 8 m (Eyre et al. 1998). The 
estuary experiences semi-diurnal tides with a tidal range at the estuary mouth of approximately 0.7 
to 2.7 m (mean neap tidal range 1.0 m, mean spring tidal range 1.8 m) (Chanson et al. 2014) and an 
average travel time of tides from the estuary mouth to the estuary’s confluence with the Bremer 
River of approximately 3 h (Bureau of Meteorology 2014c). The Brisbane River estuary has 
relatively high water temperatures (ranging between 16 and 29 °C among seasons (EHMP 2014)) 
and can experience distinct, seasonal rainfall patterns due to the subtropical location.  
Temporal and spatial differences of CH4 and N2O emissions were investigated in two sampling 
campaigns, conducted in the same winter month (August) of two consecutive years (2013 and 
2014). In 2013, tidal cycle measurements of CH4 and N2O emissions were conducted in the lower 
reach one day after in the middle reach (Fig. 7-1, Estuary classification: Department of 
Environment and Heritage Protection (2014)). In 2014, measurements were conducted at the 
three sampling sites in the lower, middle and upper reaches (Fig. 7-1). The measurements were 
done on the same day and over the same tidal cycles. A time shift of 1h between the site in the 
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lower and middle reaches and between the middle and upper reaches ensured to capture the same 
tidal conditions among sites. In both years, surface water concentrations of CH4 and N2O were also 
measured. In 2014, the on-site wind and current speeds were also measured. Additionally, in 2014, 
we also measured CH4 and N2O emissions in the middle reach using floating chambers with the 
measured area being sheltered from the currents for comparison with normal conditions (current 
being present).  
 
Figure 7-1: Locations of the sampling sites for the field sampling in the Brisbane River estuary, South East Queensland, 
Australia. The sampling was conducted at three sites, located in the lower, middle and upper reaches. Distances from 
the estuary mouth were 6 km for the site in the lower reach, 29 km for the site in the middle reach and 82 km for the site 
in the upper reach. 
7.3.2 Methane and N2O measurements 
Methane and N2O fluxes at the water-air interface were measured with floating chambers and fluxes 
were calculated with the gas accumulation in the chambers over time. Each floating chamber had a 
platform which held three cylindrical PVC chamber units as replicates. Each chamber unit in the 
platform had a surface area of 0.0452 m2 and volume of 0.0054 m3. The chambers were stabilized in 
the water column by anchoring them at two points to a pontoon.  
 
The accumulated gas in the headspace of the three chamber units was withdrawn by a syringe 
(Shandong Hapool Medical Technology Co. Ltd, China) and 12 mL borosilicate glass vials with 
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caps containing butyl rubber septa (938W Exetainer, Labco Ltd, Lampeter, UK) were used as 
sample vials. The sampling syringe was pumped three times to mix the gas in the chamber unit 
before 112 mL of gas was withdrawn. This gas was then used to first flush the vials with 100 mL of 
the sample gas while the lid was slightly opened, before the lid was closed and 12 mL of the sample 
gas was injected, producing an overpressure in the vial (Chapter 4.3.2). Samples were analysed for 
CH4 and N2O concentrations using a gas chromatograph (GC) (Agilent GC7890A, Agilent 
Technologies, Santa Clara, CA, USA). A flame ionisation detector and a micro-electron capture 
detector were used for the analysis of CH4 and N2O, respectively (Chapter 4.3.3).  
 
The gas samples were taken after the chambers were deployed for 30 min at each site (lower, 
middle reaches) in the year 2013 and after a deployment time of 45 min at each site (lower, middle, 
upper reaches) in the year 2014. The floating chambers were lifted out of the water and flushed with 
air after each sampling. This sampling procedure (15 min breaks between sampling and new 
deployment) was then repeated over 11 h (middle reach) and 10 h (lower reach) in the year 2013 
and over 8 h at each site in the year 2014. In 2013, sampling was conducted at two consecutive 
days. Both sampling days captured the tidal cycles from just after low tide (7:00 am in middle 
reach, 6:30 am in lower reach) to high tide and again to just after low tide (6:00 pm in middle reach, 
4:30 pm in lower reach). Sampling in the middle reach fell on the day after new moon and in the 
lower reach one day after new moon (spring tides). In 2014, chambers were deployed to cover the 
tidal cycles from just before high tide (10:50 am in upper reach, 9:50 am in middle reach, 8:50 am 
in lower reach) to just after low tide (6:20 pm in upper reach, 5:20 pm in middle reach, 4:20 pm in 
lower reach) on the day after new moon (spring tide). 
 
To investigate the influence of currents on measured emissions, two floating chambers were 
anchored to the pontoon in the middle reach. One chamber was exposed to the currents and the 
other one was sheltered by the pontoon from the currents. Chambers were deployed for 45 min and 
also flushed with air after each sampling. The sampling was repeated 4 times over 4 h from just 
after low tide to just after high tide (12:15 pm - 4:15 pm) on one day before the last quarter moon. 
 
The tidal levels in the middle and lower reaches were monitored locally every 30 min covering the 
whole sampling times. For this, a measuring tape was attached to a rigid pole and the distance 
between surface water and river bed was noted. The tidal levels in the upper reach were retrieved 
from the Bureau of Meteorology (2014b) (station 040812, Brisbane R at Moggill-1). 
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7.3.3 Methane and N2O surface water sampling 
Methane
 
and N2O surface water concentrations were measured at both locations in 2013 and at all 
three locations in 2014 in addition to the emission measurements. Sampling times ensured to cover 
the times from just before or exactly at the start of the first chamber deployment to the last chamber 
sampling or just after the last sampling in 2013 (6:00 am to 6:00 pm in middle reach, 6:00 am to 
5:00 pm in lower reach) and in 2014 (10:50 am to 6:50 pm in upper reach, 9:50 am to 5:50 pm in 
middle reach, 8:50 am to 4:50 pm in lower reach). To capture the effect of tides on the CH4 and 
N2O concentrations sampling was conducted every 30 min during both studies, over 12 h (middle 
reach) and 11 h (lower reach) in the year 2013 and over 8 h at each site in the year 2014. The 
samples (n = 3) were taken with a 12 mL syringe (Shandong Hapool Medical Technology Co. Ltd, 
China) from a water depth of approximately 0.2 m and 6 mL were then transferred with a 0.64 mm 
needle (Livingstone International Pty Ltd, Rosebery, NSW, Australia) into 12 mL glass vials (as 
described earlier for gas samples). Samples were pressure-filtered through 25 mm diameter, 
0.22 µm pore-size filters (Merck Millipore, Billerica, MA, USA) before filling into the vials. The 
vials were pre-flushed in the laboratory for 5 min with ultra-high purity nitrogen gas (BOC, 
Brisbane, Australia) as described in Chapter 4.3.2. Prior to the GC analysis vials with samples were 
stored upside down and refrigerated (4 °C). Liquid samples had a gaseous headspace of about 6 mL. 
They were taken out of the fridge 24 h prior to GC analysis to reach room temperature and to allow 
equilibration of the gases in headspace and water column. Gas chromatography was used to 
measure CH4 and N2O concentrations in the headspace of a vial containing the sample, after gas-
liquid equilibrium was established.  
7.3.4 Wind speed measurements 
Wind speed in the year 2014 was measured at each sampling site with an anemometer (wind speed 
sensor from Adafruit Industries, LLC, NY, USA with LogBox from Novus Automation, Ilkley, 
UK) which logged wind speed every 2 s over the same tidal cycles as described previously for the 
emission measurements. The anemometers were positioned at a height of 1-2 m and all wind speeds 
were normalised to a height of 10 m (U10) according to Crusius and Wanninkhof (2003). 
7.3.5 Current speed measurements 
The current speed of the surface water was measured using drifters at all three locations in 2014. 
Sampling was conducted on day 8 after the emissions and dissolved concentrations were measured, 
one day after the first quarter moon. Three drifters were used per site to obtain a useful dataset. The 
drifters were equipped with a GPS logger (Holux M 241, Holux Technology Inc., Hsinchu, Taiwan) 
to track the surface water current speeds. The drifters consisted of a plastic pipe (1 m length, 40 mm 
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diameter) with lids serving as a waterproof casing and each GPS logger was attached to the inside 
of the upper plastic pipe lids. The pipes were partly filled with sand and balanced so that the upper 
part drifted 10 cm above the water surface. The lower end of the pipe was glued to a lid, the upper 
end of the pipe was sealed with waterproof tape to the lid with the GPS logger. The GPS logged and 
stored data every second in the lower and middle reaches and every 4 s in the upper reach for 
current latitude, longitude and time. The drifters were allowed to move all the time and were only 
repositioned when they drifted to one channel side and were hindered by obstacles such as trees. 
The drifters were deployed to cover current speed during the transition from just before mid tide 
(7:00 am at all sites) to just after low tide (1:00 pm at all sites) at each site. 
 
To examine CH4 and N2O emissions measured in the currents and sheltered from the currents at the 
site in the middle reach, single current speed measurements were taken with a handheld Acoustic 
Doppler Velocimeter (SonTek/Xylem Inc., CA, USA). Single measurements were the average over 
40 s from 1 s readings. The measurements were taken distributed over 4 h from just after low tide to 
just after high tide (12:15 pm - 4:15 pm) on one day before the last quarter moon. 
7.3.6 Statistical analyses 
Statistical analyses were performed with the program Statistica version 12 (StatSoft Inc., Tulsa, 
OK, USA). One-way analysis of variances were performed with sampling time steps, sampling sites 
or the chamber position (i.e. exposed to current or sheltered from current) as the categorical 
predictor and wind speed, CH4 or N2O as the continuous variables. Data were log transformed 
where necessary to ensure normality of distribution and homogeneity of variance (Levene’s test) 
(Zar 1984). Post-hoc tests were performed using Fisher’s LSD (least significant difference) Test 
(Zar 1984). The non-parametric Kruskal-Wallis test was used for data which failed to satisfy the 
assumptions of normality and homogeneity of data after being transformed. 
7.4 Results 
7.4.1 Methane and N2O emissions 
Methane
 
and N2O emissions in the year 2013 are presented in Fig. 7-2. CH4 emissions (Fig. 7-
2C, 7-2D) at both sites were highly variable over the tidal cycles (Fig. 7-2A, 7-2B) with the 
maximum to minimum flux ratio varying between 7.6-9. Elevated CH4 emissions at both sites were 
found just before high tides and before low tide in the middle reach. Lowest CH4 emissions were 
observed just after high tide at both sites. Total water-air CH4 emission ranges and site averages at 
the two sampling sites are given in Table 7-1. Significant differences in CH4 emissions were 
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detected over the tidal cycle at both sites. Minimum CH4 emissions just after high tide were shown 
to be significantly different to the maximum emissions just before low tide in the middle reach 
(F18,38 = 45.9, P < 0.001) and just before high tide in the lower reach (F15,32 = 107.5, P < 0.001). 
Although CH4 emissions at both sites were highly variable over the tidal cycles the range over the 
measurement period was in general comparable. 
Table 7-1: Total water-air CH4 flux ranges and site average at the sampling sites in the middle and lower reaches. 
Fluxes are given as an average ± SE, n = 3. 
Site CH4 flux ranges 
[µmol CH4 m-2 d-1] 
CH4 flux site average 
[µmol CH4 m-2 d-1] 
Middle reach 246 ± 30 to 2,195 ± 93  1,392 ± 79  
Lower reach 343 ± 9 to 2,603 ± 260  1,061 ± 93  
 
Nitrous oxide
 
emissions (Fig. 7-2E, 7-2F) in the middle reach were highly variable with a maximum 
to minimum flux ratio over the tidal cycle of 4.7. Elevated N2O emissions were observed just before 
slack tides and lowest emissions during slack tides. This was in contrast to the lower reach, where 
N2O emissions were shown to be relatively stable over the tidal cycle with a maximum to minimum 
flux ratio of 2.5. Total water-air N2O emission ranges and site averages at the two sampling sites are 
given in Table 7-2.  Similar to CH4, significant differences in N2O emissions were also detected 
over the tidal cycle in the middle reach. The minimum N2O emissions during slack tides in the 
middle reach were significantly different to the maximum emissions just before slack tides (F18,38 
= 46.9, P < 0.001). No significant differences (P > 0.05) over the tidal cycle could be observed for 
the N2O emissions in the lower reach. Nitrous oxide emissions in the lower reach were on average 
approximately half of the emissions measured in the middle reach. 
Table 7-2: Total water-air N2O flux ranges and site average at the sampling sites in the middle and lower reaches. 
Fluxes are given as an average ± SE, n = 3. 
Site N2O flux ranges 
[µmol N2O m-2 d-1] 
N2O flux site average 
[µmol N2O m-2 d-1] 
Middle reach 5.4 ± 0.2 to 25.2 ± 1.1  14.5 ± 0.7 
Lower reach 3.7 ± 0.5 to 9.1 ± 0.7 6.0 ± 0.3 
 
   
 Chapter 7 
 
147 
 
Figure 7-2: Tidal level in the middle (A) and lower (B) reaches, CH4 emissions in the middle (C) and lower (D) reaches 
and N2O emissions in the middle (E) and lower (F) reaches during sampling in the year 2013. Dashed line gives the 
average flux over the total sampling time. Fluxes are given as averages ± SE, n = 3.  
Methane
 
and N2O emissions measured at the three sites in 2014 are presented in Fig. 7-3. Methane 
emissions (Fig. 7-3D, 7-3E, 7-3F) at all sites were shown to be variable over the tidal cycles (Fig. 7-
3A, 7-3B, 7-3C) with the maximum to minimum flux ratio varying between 2.5-3.6. Methane 
emissions were elevated in the middle and lower reaches just before or at slack tides and in the 
upper reach at high tide. Total water-air CH4 emission ranges and site averages at the three 
sampling sites are given in Table 7-3. Significant differences in CH4 emissions were detected over 
the tidal cycle at all sites with minimum CH4 emissions significantly different to the maximum 
emissions in the upper reach (F7,16 = 14.4, P < 0.001), middle reach (F7,16 = 15.1, P < 0.001) and 
lower reach (F7,16 = 17.9, P < 0.001). Spatial variations in average CH4 emissions were not 
pronounced between the middle and lower reaches; however, slightly higher emissions were 
observed in the upper reach. 
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Table 7-3: Total water-air CH4 flux ranges and site average at the sampling sites in the upper, middle and lower reaches. 
Fluxes are given as an average ± SE, n = 3. 
Site CH4 flux ranges 
[µmol CH4 m-2 d-1] 
CH4 flux site average 
[µmol CH4 m-2 d-1] 
Upper reach 234 ± 5 to 578 ± 44  413 ± 28  
Middle reach 136 ± 17 to 420 ± 70  223 ± 20 
Lower reach 138 ± 15 to 500 ± 55 273 ± 25  
 
Nitrous oxide
 
emissions (Fig. 7-3G, 7-3H, 7-3I) varied over the tidal cycles but showed no clear 
tidal pattern, there were e.g. no elevated emissions at certain stages of the tidal cycles. The 
maximum to minimum flux ratio of N2O over the tidal cycle at all sites varied between 1.6-2.3. 
Total water-air N2O emission ranges and site averages at the three sampling sites are given in Table 
7-4. Significant differences in N2O emissions were detected over the tidal cycle at all sites with 
minimum N2O emissions significantly different to the maximum emissions in the upper reach (F7,16 
= 32.8, P < 0.001), middle reach (F7,16 = 9.3, P < 0.001) and lower reach (F7,16 = 6.2, P < 0.001). 
Nitrous oxide
 
emissions were comparable among sites located in the upper and middle reaches and 
slightly lower in the lower reach. 
Table 7-4: Total water-air N2O flux ranges and site average at the sampling sites in the upper, middle and lower 
reaches. Fluxes are given as an average ± SE, n = 3. 
Site N2O flux ranges 
[µmol N2O m-2 d-1] 
N2O flux site average 
[µmol N2O m-2 d-1] 
Upper reach 4.2 ± 0.1 to 9.8 ± 0.5 7.2 ± 0.4  
Middle reach 5.4 ± 0.7 to 8.9 ± 0.4  6.9 ± 0.3  
Lower reach 3.5 ± 0.1 to 6.1 ± 0.6  4.6 ± 0.2  
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Figure 7-3: Tidal level in the upper (A), middle (B) and lower (C) reaches, CH4 emissions in the upper (D), middle (E) 
and lower (F) reaches and N2O emissions in the upper (G), middle (H) and lower (I) reaches during sampling in the year 
2014. Dashed line gives the average flux over the total sampling time. Fluxes are given as averages ± SE, n = 3. 
7.4.2 Methane and N2O surface water concentrations 
Surface water concentrations of CH4 and N2O in the year 2013 are presented in Fig. 7-4. At both 
sampling sites the surface water was supersaturated with CH4 (Fig. 7-4C, 7-4D). During high tide, 
CH4 in the surface water was shown to be relatively stable and a similar concentration was 
measured at both sites. However, a pronounced tidal pattern of elevated and highest CH4 
concentrations could be observed at both sites during low tide with up to approximately two times 
the concentrations in the middle reach compared to the lower reach. Observed CH4 surface water 
concentrations ranges over the measurement period are given in Table 7-5.  
 
The surface water at both sampling sites was supersaturated with N2O (Fig. 7-4E, 7-4F). Nitrous 
oxide in the surface water was shown to be slightly higher in the middle reach than in the lower 
reach (i.e. on average 4.8 nmol N2O L-1 higher) but all concentrations were in the same order of 
magnitude. In contrast to CH4, no tidal pattern was observed for the N2O surface water 
concentrations at both sites. Observed N2O surface water concentrations ranges over the 
measurement period are given in Table 7-5. 
  
   
 Chapter 7 
 
150 
Table 7-5: Methane and N2O surface water concentration ranges at the sampling sites in the middle and lower reaches. 
Concentrations are given as an average ± SE or as % of atmospheric saturation level, n = 3. 
Site CH4 surface water  
concentration ranges 
N2O surface water  
concentration ranges 
Middle reach 201 ± 6 to 908 ± 43 nmol CH4 L
-1
 
7,700 to 40,400 %saturation 
13.1 ± 0.2 to 17.9 ± 1.1 nmol N2O L-1 
160 to 250 %saturation 
Lower reach 119 ± 1.2 to 355 ± 25 nmol CH4 L
-1
 
5,500 to 18,000 %saturation 
9.2 ± 0.1 to 12.7 ± 2.0 nmol N2O L-1 
125 to 410 %saturation 
 
 
Figure 7-4: Tidal level in the middle (A) and lower (B) reaches, CH4 surface water concentrations in the middle (C) and 
lower (D) reaches and N2O surface water concentrations in the middle (E) and lower (F) reaches during sampling in the 
year 2013. N.B. the y-axis scale of the dissolved CH4 concentrations is not the same for both sites. Concentrations are 
given as averages ± SE, n = 3. 
Surface water concentrations of CH4 and N2O in the year 2014 are presented in Fig. 7-5. The 
surface water was supersaturated with CH4 (Fig. 7-5D, 7-5E, 7-5F) at all the three sampling sites. 
Methane
 
surface water concentrations in the middle and lower reaches showed a variation over the 
tidal cycle, with concentrations highest during low tide and relatively stable during high and mid 
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tides. However, CH4 surface water concentrations in the upper reach did not show clear patterns 
with tidal level changes but remained relatively stable. The elevated concentrations during high tide 
were up to 4 times higher in the middle reach compared to the concentrations measured in the lower 
reach over the entire investigation period. During high and mid tides, where CH4 concentrations in 
the surface water were relatively stable at all sites, concentrations generally increased from the 
lower to the middle and to the upper reaches. Observed CH4 surface water concentrations ranges 
over the measurement period are given in Table 7-6.   
 
The surface water was supersaturated with N2O at all three sampling sites (Fig. 7-5G, 7-5H, 7-5I). 
Nitrous oxide
 
surface water concentrations in the upper and lower reaches were relatively stable 
over the whole sampling time with no concentration changes in regard to the tidal level. Elevated 
N2O concentrations were only detected during low tide in the middle reach, with a value 
approximately doubling the concentrations compared to high tide. The N2O concentrations in the 
middle reach during high tide were comparable to the overall concentrations found in the upper 
reach. Averaged N2O surface water concentrations in the upper reach were similar to the observed 
concentrations in the middle reach. Lowest N2O concentrations were found in the lower reach 
which were on average 4.8 nmol N2O L-1 lower than in the upper reach but still in the same order of 
magnitude. Observed N2O surface water concentrations ranges over the measurement period are 
given in Table 7-6. 
Table 7-6: Methane and N2O surface water concentration ranges at the sampling sites in the upper, middle and lower 
reaches. Concentrations are given as an average ± SE or as % of atmospheric saturation level, n = 3. 
Site CH4 surface water  
concentration ranges 
N2O surface water  
concentration ranges 
Upper reach 226 ± 4 to 313 ± 5 nmol CH4 L
-1
 
8,780 to 12,140 %saturation 
15 ± 0.3 to 19 ± 1.7 nmol N2O L-1 
180 to 220 %saturation 
Middle reach 130 ± 2 to 647 ± 23 nmol CH4 L
-1
 
5,540 to 27,500 %saturation 
15 ± 0.2 to 29 ± 0.6 nmol N2O L-1 
190 to 360 %saturation 
Lower reach 81 ± 3 to 159 ± 9 nmol CH4 L
-1
 
3,820 to 7,470 %saturation 
11 ± 0.01 to 13 ± 1.8 nmol N2O L-1 
150 to 180 %saturation 
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Figure 7-5: Tidal level in the upper (A), middle (B) and lower (C) reaches, CH4 surface water concentrations in the 
upper (D), middle (E) and lower (F) reaches and N2O surface water concentrations in the upper (G), middle (H) and 
lower (I) reaches during sampling in the year 2014. N.B. the y-axis scale of the dissolved CH4 concentrations is not the 
same for all sites. Concentrations are given as averages ± SE, n = 3. 
7.4.3 Wind and current speed measurements 
On-site wind speed measurements (Fig. 7-6) in 2014 were not significantly different (P > 0.05) 
between the sites in the upper and middle reaches. However, the wind speed during the sampling 
period in the lower reach was approximately twice as high as in the upper and middle reaches.  
 
Figure 7-6: Wind speed normalised to a height of 10 m (U10) and measured on-site in the upper, middle and lower 
reaches in the year 2014. Wind speeds are given as 30 min averages ± SE, n = 900. 
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The current speed measured with GPS drifters is presented in Fig. 7-7. The current speeds at the 
three sampling sites (Fig. 7-7A, 7-7B 7-7C) decreased with distance to the Brisbane River estuary 
mouth. Maximum current speeds were 0.10, 0.62 and 0.76 m s-1 for the upper, middle and lower 
reaches, respectively. Highest current speeds in the middle and lower reaches occurred clearly at 
mid tide and lowest or zero current speed just after low tide. Although current speed sampling for 
this study did not cover the time before high tide, data collected from just before mid tides to just 
after low tides in the middle and lower reaches agreed with the range and pattern of modelled 
current speeds at the estuary mouth (Appendix Fig. A.7-2). The current speed in the upper reach 
was overall low and showed no clear changes over the tidal time.  
 
Figure 7-7: Current speed and tidal level measured in the upper (A), middle (B) and lower (C) reaches during sampling 
in the year 2014. Current speeds are given as 15 min averages ± SE, n = 900 for the lower and middle reaches and as 
average ± SE, n = 215 for the upper reach. 
7.4.4 Exposure to the currents 
During the floating chamber study, examining CH4 and N2O emissions measured in the currents and 
sheltered from the currents, single current speed measurements were taken in the middle reach 
measured with a handheld Acoustic Doppler Velocimeter. Maximum current speed (Fig. 7-8) was 
0.32 m s-1 and observed during mid tide. Lowest or zero current speed occurred just after the slack 
tides.  
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Figure 7-8: Current speed and tidal level in the middle reach during the floating chamber study examining CH4 and N2O 
emissions measured in the currents and sheltered from the currents in the year 2014.  
Methane emissions (Fig. 7-9A) were significantly different (F7,16 = 96.0, P < 0.001) and 3 to 6 times 
higher when measured in the currents compared to the emissions measured sheltered from the 
currents. Nitrous oxide
 
emissions (Fig. 7-9B) were, as observed for CH4, significantly different 
(F7,16 = 105.5, P < 0.001) between the 2 chamber types. Nitrous oxide emissions were 2 to 4 times 
higher when measured in the currents compared to the emissions measured sheltered from the 
currents. Total water-air CH4 and N2O emission ranges over the whole measurement time from the 
floating chamber which was exposed to the currents and the chamber which was positioned 
sheltered from the currents are given in Table 7-7.  
Table 7-7: Total water-air CH4 and N2O flux ranges from the floating chamber which was exposed to the currents and 
the chamber which was positioned sheltered from the currents. Fluxes are given as an average ± SE, n = 3. 
Floating chamber CH4 flux ranges 
[µmol CH4 m-2 d-1] 
N2O flux ranges 
[µmol N2O m-2 d-1] 
Exposed to currents 343 ± 22 to 530 ± 4 9 ± 0.3 to 17 ± 0.5 
Sheltered from currents 53 ± 13 to 183 ± 18 2.3 ± 0.6 to 7.7 ± 0.8  
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Figure 7-9: Methane (A) and N2O (B) emissions in the middle reach during sampling in the year 2014 for the floating 
chamber study examining CH4 and N2O emissions measured in the currents and sheltered from the currents. Fluxes are 
given as averages ± SE, n = 3. 
7.5 Discussion 
Significant differences in CH4 emissions were observed over the tidal cycles at all sites and during 
both years. Methane emissions were lowest just after high tides where the current speed in this 
system was shown to be lowest too. Further, the current speed was shown to be highest at mid tide 
and still high just before slack tides where also CH4 emissions were highest. The dominant sources 
of estuarine turbulence at the water surface was shown to originate from current produced 
turbulence, next to wind produced turbulence (e.g. Borges et al. 2004; Beaulieu et al. 2012). These 
turbulences determine the gas transfer coefficient and thus the emissions at the water-air interface. 
The importance of currents has also been shown in the floating chamber study which examined CH4 
and
 
N2O emissions measured in the currents and sheltered from the currents. Methane and N2O 
emissions were significantly higher from the chamber which was exposed to the currents compared 
to the chamber which was sheltered from the current. The pattern found for CH4 emissions could 
not be explained by the observed wind speed. Even at the site in the lower reach in 2013 where 
wind speed increased rapidly over the sampling time and reached on average up to 10.8 m s-1 during 
low tide, the pattern of CH4 emissions was not influenced as no changes in emissions were 
observed. Methane surface water concentrations were shown to be lowest when the emissions were 
lowest too. The opposite was observed for the higher CH4 emissions during low tide when also 
elevated CH4 concentrations were observed at the same tidal stage. Methane which is produced by 
anoxic sediments (Chapter 6.4.1 and 6.4.2) is released into a larger water volume during high tide, 
leading to higher dilution with water from the bay, creeks or upstream reaches, and a smaller water 
volume during low tide, leading to less dilution. Additionally, the sampling site in the middle reach 
was situated at the confluence with a creek (Fig. 7-1) which means that this site receives larger 
volumes of creek water with the retreating tide due to no further dilution by bay water. This creek 
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was identified as a source of CH4 in previous studies where concentrations were shown to be higher 
upstream of the creek compared to the concentrations measured at the confluence of the creek with 
the estuary and CH4 surface water as well as pore water concentrations were elevated at the 
confluence compared to sampling sites up- or downstream the estuary (Chapter 6.4.1 and 6.4.3). 
Elevated CH4 concentrations during low tide were also observed by Bouillon et al. (2007) in a tidal 
mangrove creek (Ras Dege, Tanzania), Call et al. (2014) in a tidal mangrove creek (Kangaroo 
Island, Southern Moreton Bay, subtropical Australia), Deborde et al. (2010) in a tidal lagoon 
(Arcachon Lagoon, France), Ferron et al. (2007) in a tidal creek (Bay of Cadiz, Spain) and Maher et 
al. (2015) in an estuary (North Creek, subtropical Australia).  
 
For N2O, data indicated that the combination of factors such as concentrations, current and wind 
speed potentially contribute to N2O emissions. Clearest variations in N2O emissions over the tidal 
cycle were detected in the middle reach in 2013. However, these variations could not be found in 
the surface water and wind speed, additionally wind as well as current speed was shown to be low 
during this time. Slightly elevated N2O concentrations were only found in 2014 during low tide in 
the middle reach; however, they were not reflected in elevated emissions. The overall not 
pronounced tidal cycle pattern of N2O emissions could be related to the low saturation of N2O 
which ranged over the measurement periods between 125 and 411%. Diffusive emissions across the 
water-air interface can be determined using the thin boundary layer approach (Liss and Slater 1974) 
according to F = k × (Cw – Ceq), where F is the flux and k is the gas transfer coefficient which is 
multiplied by the difference between the gas concentration in the surface water (Cw) and the gas 
concentration in the surface water that is in equilibrium with the air (Ceq). Compared to CH4, where 
saturation was between 3,816 and 40,358%, N2O experiences as much smaller driving force for the 
gas transfer which could explain the weaker dependency on the tidal cycle. 
High variability of CH4 and N2O emissions between the sampling occasions of the two investigated 
years 2014 and 2013 could be observed although studies were conducted in the same month of the 
year and both at spring tides. Methane emissions in the year 2013 were approximately 6 times and 
4 times higher in the middle and lower reaches, respectively, compared to the CH4 emissions in the 
year 2014. Also N2O emissions in the year 2013 were shown to be 2 times higher in the middle 
reach compared to the N2O emissions in the year 2014. Observed N2O emissions in the lower reach 
were in the same range in both years. One explanation for the high variability could be that a 
flooding event with a flood peak of 2.3 m at the Brisbane CBD occurred in summer (January 26-28) 
2013 which was associated with the cyclone ‚Oswald‘ (Bureau of Meteorology 2014a). Subtropical 
flooding events like this were shown to drive high turbidity, high nutrient loadings, low dissolved 
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oxygen levels and low salinity due to high dilution with the floodwater (Brown and Chanson 2013; 
Musenze et al. 2014). During the flooding event in summer 2013, 270 mm of rain fall were 
recorded in four days (Bureau of Meteorology 2014a) and measurements at the site in the middle 
reach before and after the flood showed increases in turbidity from 47 NTU to 1,460 NTU, 
decreases in salinity from 19 psu to 0.11 psu and decreases in conductivity from 33,000 µS cm-1 to 
230 µS cm-1. Musenze et al. (2014) measured low CH4 surface water concentrations in the Brisbane 
River estuary after a major flooding event in summer 2011 compared to CH4 concentrations in 
summer 2012, unaffected by major floods. Strong temporal variations, without clear seasonal 
patterns, in CH4 and N2O emissions and concentrations in the Brisbane River estuary were 
described by Musenze et al. (2014). Seasonal variations were not captured and beyond the scope of 
this study. 
 
Spatial variability of CH4 emissions between the middle and lower reaches (year 2013 and year 
2014) as well as N2O emissions between the upper and middle reaches (year 2014) over the 
measurement periods was not pronounced. Nitrous oxide
 
emissions in the lower reach were in both 
studies generally lower compared to the emissions in the upper and middle reaches. The lower N2O 
emissions might be coupled to the lowest N2O concentrations also observed at the site in the lower 
reach (compared to the other sites). Interestingly, the lowest emissions and also concentrations 
occurred although the measured current speed and wind speed (year 2013: Appendix Fig. A.7-1) 
were always highest at the site in the lower reach compared to the sites in the middle and upper 
reaches. This shows that the magnitude of concentrations, current and wind speed is different 
among sites and over the length of the estuary, influencing the spatial variability of N2O emissions. 
Lower current and wind speed which, among other factors, control turbulences at the water-air 
interface could have theoretically decreased the gas transfer velocity (discussed e.g. in Zappa et al. 
(2003)) of N2O and led potentially to lower emissions. Methane emissions as well as concentrations 
during high and mid tides were slightly higher in the upper reach compared to the middle and lower 
reaches in the year 2014, although wind and current speed were generally lowest at this site. 
Although the CH4 emissions showed no pronounced spatial variability among sites in the middle 
and lower reaches, CH4 concentrations in both studies (2014 and 2013) were spatially variable with 
a general increase of concentrations with distance to the Brisbane River estuary mouth (i.e. increase 
from the lower to the middle and to the upper reach sites) during high and mid tides. Spatial 
variations in concentrations could be explained by several effects. The water body at the site in the 
lower reach received highest dilution with the saline water from the adjacent bay which has been 
shown to be even lower in CH4 and N2O concentrations (Musenze et al. 2015). This could explain 
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lowest CH4 and N2O concentrations at the site in the lower reach. The water body at the site in the 
middle reach received the majority of water from upstream reaches and discharging creeks, 
potentially receiving higher nutrient concentrations than in the lower reach. However, the water 
body at the site in the upper reach was located at the tidal limit and received mainly water from the 
upper reach and no direct dilution with bay water. Increasing CH4 concentrations with distance to 
the Brisbane River estuary mouth could have also been a result of decreasing CH4 production 
inhibition from sediments by the presence of sulfate (Poffenbarger et al. 2011; Marton et al. 2012). 
Averaged higher CH4 emissions in the upper reach and N2O emission in the upper and middle 
reaches were potentially influenced by the higher concentrations found during high and mid tides. 
These concentrations were possibly affected by a combination of discussed factors such as 
decreased dilution with bay water, increased contributions by creek water and water which is higher 
in nutrient concentrations compared to the conditions found in the lower reach and decreased 
inhibition by salinity.  
 
Significant changes of CH4 and N2O emissions over tidal cycles show that single point 
measurements, can lead to conclusions and estimates which are not representative for the 
investigated site, system or the upscaling for annual inventories. Single point measurements would 
have overestimated the CH4 as well as N2O emissions in the lower reach in contrast to the whole 
tidal cycle by 25-72% and 13-42%, respectively. In contrast, single point measurements in the 
upper reach would have underestimated the CH4 and N2O emissions over the whole tidal cycle by 1-
147% and 11-134%, respectively. The closest match of single point and whole tidal cycle emissions 
was observed for the emissions in the middle reach with over- or underestimates of 9-53% for CH4 
emissions and 0.3-40% for N2O emissions. This study supports the findings of Maher et al. (2015) 
who also found varying CH4 concentrations over tidal cycles (highest during low tide) leading to 
significant variability of estimated CH4 fluxes in North Creek, a small, shallow Australian 
subtropical estuary. Based on the study outcomes, Maher et al. (2015) highlighted the importance to 
account for tidal and also diurnal variability to avoid over- or underestimations in small, shallow 
estuarine systems and/or estuaries influenced by groundwater inputs. We verified these findings 
with respect to the tidal variability for the bigger and deeper Brisbane River estuary (North Creek is 
a shallow estuary with an averaged water depth of 2 m and study sites were distributed over 
approximately 14 km from the estuary mouth, whereas the Brisbane River estuary has an average 
depth between 4 and 8 m and study sites were distributed over 82 km from the estuary mouth). 
Additionally, in this study the tidal cycle variability of N2O was investigated. The detected 
variability of N2O in time (but not showing a clear variation with the tidal cycle) also stresses that 
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sampling for N2O should cover several time points over the tidal cycle in order to obtain accurate 
N2O flux estimations and/or concentrations. We did not investigate the diurnal variations in CH4 
and N2O in this study; however, given the findings of Maher et al. (2015), these variations may play 
an important role in some estuaries.  
 
Our data show that single point measurements lead to large errors and uncertainties which stresses 
that estuarine systems require an adequate sampling to assess CH4 and N2O emissions. If emission 
measurements are interpreted in combination with surface water concentrations, wind and current 
speed, also these parameters require careful sampling to capture their variability. Emissions of CH4 
and N2O together with surface water concentrations, wind and current speed should be measured at 
several sampling sites, covering different estuarine sections, to capture spatial variations over the 
system. The estuarine sections for sampling should at least contain one site which is highly 
impacted by the tides with a major shift in water body composition by dilution with bay water, one 
site which is still impacted by the tides but receives the majority of water from upstream reaches 
and creeks and one site which is located at the tidal limit and mainly receives water from upstream 
freshwater reaches with no dilution of bay water. Relatively stable CH4 and N2O concentration 
results at the tidal limit site indicate that a high frequency measurement might be less needed at 
such sites in comparison to sites which are affected by tidal currents. Further, sampling of CH4 and 
N2O emissions along with concentrations, wind speed and tidal speed should be repeated over 
different years to monitor interannual variations. As emissions and concentrations were also 
described to vary interannualy (Musenze et al. 2014) it is also recommendable to include seasonal 
sampling. Additionally, CH4 and N2O emissions as well as concentrations, wind speed and tidal 
speed should be sampled over at least one tidal cycle, avoiding single point measurements, to 
capture tidal cycle variations and sidestep over- or underestimations of data over the tidal cycles. 
When measuring CH4 and N2O emissions, attention needs to be paid that all deployed floating 
chambers are exposed to the currents. 
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7.7 Appendix 
7.7.1 Wind speed measurements 
Wind speed in the year 2013 was obtained from a weather station of The University of Queensland 
(2014) for the site in the middle reach and the Bureau of Meteorology (2014) (BoM) for the site in 
the lower reach. The University of Queensland (27°29'46" S, 153°0'53" E, 42 m elevated) and BoM 
weather stations (station Brisbane Aero: 040842, 27°57’17” S, 153°00’78” E, 5 m elevated) both 
logged wind speed every minute. Wind speeds were normalised to a height of 10 m (U10) according 
to Crusius and Wanninkhof (2003). 
 
Figure A.7-1: Wind speed measurements for sampling in the middle reach (A) and the lower reach (B) in the year 2013. 
Wind speeds are given as 30 min averages ± SE, n = 30. 
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7.7.2 Modelled tidal level and current speed 
Modelled tidal level and current speed at the Brisbane River estuary mouth were obtained by the 
CSIRO RWQM3 real time model (Commonwealth Scientific and Industrial Research Organisation 
2010). 
 
Figure A.7-2: Modelled tidal level and current speed at the Brisbane River estuary mouth. 
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8.1 Abstract 
This study investigates the applicability of the thin boundary layer (TBL) approach to the 
determination of methane (CH4) and nitrous oxide (N2O) emissions from an estuary. The gas 
transfer coefficient k is essential for the use of the TBL approach and various models have been 
proposed for the estimation of k as functions of currents and wind speeds. We used the floating 
chamber method to directly measure the diffusive fluxes of CH4 and N2O, which, in conjunction 
with the measured surface water concentrations of CH4 and N2O, allowed the estimation of k 
(kcalculated), which ranged between 2 and 25 cm h-1 for CH4 and 1 to 9 cm h-1 for N2O depending on 
the locations in the estuary (lower, middle and upper reaches). The predicted k values using a 
combination of commonly used k-predicting models (the sum of wind-dependent k (kwind) and 
current-dependent k (kcurrent)) compare poorly with the measurement-determined k values, 
suggesting k cannot be reliably predicted with existing models. Additionally, k based on wind alone 
and k based on current alone both seriously underestimate kcalculated for all sites. Our results show 
that the TBL approach is not suitable for estimating CH4 and N2O emissions of estuaries without 
calibrating models prior to usage. 
 
  
   
 Chapter 8 
 
166 
8.2 Introduction 
Quantifying methane (CH4) and nitrous oxide (N2O) emissions from surface waters are of critical 
importance when estimating global greenhouse gas (GHG) budgets. Studies that determine CH4 and 
N2O emissions from estuaries are scarce although coastal areas such as estuaries have been 
identified as natural sources of these GHGs (Bange et al. 1994; Bange et al. 1996; Seitzinger et al. 
2000). The limited data of global CH4 and N2O emissions show, that estuarine emissions have high 
spatial and temporal variability (Law et al. 1992; Middelburg et al. 2002; Abril and Borges 2005).  
Total CH4 and N2O emissions (ebullitive and diffusive emissions) from water bodies can be 
measured by using floating chambers, which offer direct measurements (Raymond and Cole 2001; 
Kremer et al. 2003a). However, floating chambers have limitations in regard to the spatial coverage 
and were criticised to disturb the surface turbulences (Raymond and Cole 2001; Kremer et al. 
2003a; Kremer et al. 2003b; Borges et al. 2004a).  
As an alternative to this method, diffusive CH4 and N2O emissions across the water-air interface can 
be determined using the thin boundary layer (TBL) approach (Liss and Slater 1974) according to 
Eq. (8-1): 
F = k × ∆C = k × (Cw – Ceq), (8-1) 
 
where F is the flux (µmol m-2 d-1), k is the gas transfer coefficient (cm h-1) and ∆C is the difference 
between the gas concentration in the surface water (Cw) and the gas concentration in the surface 
water in equilibrium with the air (Ceq). The gas transfer coefficient k is the most difficult and error-
prone parameter in Eq. (8-1) (Raymond and Cole 2001). The TBL approach is used for the 
upscaling of emissions across systems and the incorrect approximation of k can result in wildly 
inaccurate emission estimates. Limited studies have been undertaken to determine k directly using 
floating chambers, natural tracers or purposely added tracers. In most cases, k was estimated based 
on currents and/or wind speed data using previously established models (Amouroux et al. 2002; 
Ferron et al. 2007; Rajkumar et al. 2008; Silvennoinen et al. 2008; Walker et al. 2010). The choice 
of the models is critical. The models were mostly derived from studies conducted in open oceanic 
waters (e.g. Liss and Merlivat 1986; Wanninkhof 1992; Nightingale et al. 2000) and less from 
estuarine or riverine waters (e.g. Borges et al. 2004b). The main contribution to surface water 
turbulences in open oceans and lakes is wind stress (Wanninkhof 1992; Cole and Caraco 1998; 
Abril and Borges 2005; Ho et al. 2011) therefore wind speed based modes are often used as the sole 
predictors for k. Several models for k based on wind speed have been developed and were verified 
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by tunnel and field experiments (e.g. Liss and Merlivat 1986; Wanninkhof 1992). However, the 
surface water turbulences in shallower streams and rivers are mostly generated by bottom stress 
(O'Connor and Dobbins 1958; Owens et al. 1964; Langbein and Durum 1967). In estuarine systems, 
the surface water turbulences can be generated by both factors, wind forcing and tidal currents 
(Borges et al. 2004b; Zappa et al. 2007; Beaulieu et al. 2012). Turbulences in all aquatic systems 
can be further influenced by processes such as rainfall on the water surface (Ho et al. 1997; Guerin 
et al. 2007), heating and cooling of the water surface (Rudorff et al. 2011; Polsenaere et al. 2013), 
wind fetch (Borges et al. 2004a; Cole et al. 2010) or turbidity (Abril et al. 2009). Large 
uncertainties and variations of k, with reported ranges from 1 to 26 cm h-1 for k600 (k for carbon 
dioxide (CO2) at 20 °C in freshwater at a Schmidt number of 600) in estuaries and rivers (e.g. 
literature comparisons by Raymond and Cole (2001)), highlight that the controlling factors for 
turbulences are site specific and not only limited to wind (Zappa et al. 2003; Borges et al. 2004a).  
 
In this study, we verify the applicability of existing k models, based on both wind and current speed, 
to the estimation of k for estuary systems. We measured CH4 and N2O emissions with floating 
chambers at three sites located in lower, middle and upper reaches of the subtropical Brisbane River 
estuary. Based on these measurements we calculated the gas transfer coefficients (kcalculated) required 
to achieve the measured fluxes and compared these to predictions of k derived from six frequently 
used wind (kwind) and five frequently current (kcurrent) based models and each combination of these 
(kwind + kcurrent). This study further aims to reveal if wind or current could be the dominating driver 
for the emission. This was achieved by comparing kcalculated with model-predicted kwind and kcurrent, 
respectively. 
8.3 Materials and methods 
8.3.1 Site description 
The Brisbane River estuary which covers a surface area of 19 km2, is located in the Southern 
Hemisphere in subtropical South East Queensland, Australia and discharges into Moreton Bay 
(average annual discharge is 1,400 × 106 m3 (Eyre et al. 1998)). Sampling for this study was 
conducted in winter (August) 2014 at three estuarine sections located in the lower, middle and 
upper reaches of the Brisbane River estuary (Fig. 8-1, estuary classification: Department of 
Environment and Heritage Protection (2014)). The site selection enabled measurements that 
captured the change in tidal range across the estuary. The site in the lower reach was located in a 
distance of 6 km from the estuary mouth. The site in the middle reach was located 39 km away from 
the estuary mouth at the confluence with the Oxley Creek (Fig. 8-1) and the site in the upper reach 
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was located 82 km away from the mouth and was close to the tidal limit (86 km (Davie et al. 1990; 
Holland et al. 2001)) of the estuary. The travel time of the semi-diurnal tides from the estuary 
mouth to the estuary’s confluence with the Bremer River (Fig. 8-1) is approximately 3 h (Bureau of 
Meteorology 2014c) and the tidal range at the estuary mouth is approximately 0.7 to 2.7 m (mean 
neap tidal range 1.0 m, mean spring tidal range 1.8 m) (Chanson et al. 2014). The subtropical 
Brisbane River estuary experiences, compared to estuaries located in temperate regions, relatively 
high water temperatures (ranging between 16 and 29 °C among seasons (EHMP 2014)) and distinct, 
seasonal rainfall patterns.  
 
Figure 8-1: Locations of the field sampling sites in the Brisbane River estuary, South East Queensland, Australia. The 
sampling was conducted at three specific sites, located in the lower, middle and upper reaches. Distances from the 
estuary mouth were 6 km for the site in the lower reach, 29 km for the site in the middle reach and 82 km for the site in 
the upper reach. 
8.3.2 Emission measurements 
Floating chambers were used at the three sampling sites to measure CH4 and N2O fluxes by 
determining the accumulation of these gases within the chambers over time. The floating chambers 
used at each site consisted of a floating platform with three cylindrical PVC chamber units as 
replicates each with a volume of 0.0054 m3, and surface area of 0.0452 m2. The chambers were 
stabilized in the water column by anchoring them at two points to a pontoon. Emissions were 
measured with a time shift of 1h between the site in the lower and middle reaches and between the 
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middle and upper reaches, respectively, on the same day. This ensured that the emissions were 
measured over the same tidal stages to allow for normalization of the data to the same tidal stage. 
Chambers were deployed over an 8 h period to cover the tidal cycle from just before high tide 
(10:50 am in upper reach, 9:50 am in middle reach, 8:50 am in lower reach) to just after low tide 
(6:20 pm in upper reach, 5:20 pm in middle reach, 4:20 pm in lower reach) on the day after new 
moon (spring tide). At all sites, the gas phase was sampled once per hour after a deployment time of 
45 min. After each sampling (15 min breaks between sampling and new deployment), the floating 
chambers were lifted out of the water and flushed with air before a new deployment.  
 
Headspace gas samples of the three chamber units were withdrawn using a syringe (Shandong 
Hapool Medical Technology Co. Ltd, China), which was pumped three times to mix the gas in the 
chamber unit before 112 mL of gas were withdrawn. 100 mL of the sample gas was then used to 
first flush 12 mL glass vials (938W Exetainer, Labco Ltd, Lampeter, UK) while the lid was slightly 
opened, before the lid was closed and 12 mL of the sample gas were injected, producing an 
overpressure in the vial (Chapter 4.3.2). Samples were analysed for CH4 and N2O concentrations 
with a gas chromatograph (GC) (Agilent GC7890A, Agilent Technologies, Santa Clara, CA, USA) 
(Chapter 4.3.3). 
 
Floating chambers capture diffusive as well as ebullitive fluxes at the water-air interface. However, 
estimated emissions by the TBL model account for diffusive fluxes only. To verify the assumption 
that the CH4 and N2O emissions measured in the Brisbane River estuary are primarily by diffusion 
and that hence the calculated gas transfer coefficients are meaningful, two types of floating 
chambers were used in the lower reach. One chamber was used as described previously and 
captured both diffusive and ebullitive fluxes across the estuary water surface. The second chamber 
was equipped with an additional plastic shield attached underneath the chamber at a depth of 0.5 m 
below the opening of the chambers (Appendix Fig. A.8-1) as described in Bastviken et al. (2010). 
The submersed plastic shield was assumed to prevent potential ebullition reaching the chambers and 
only captured diffusive fluxes. The gas phase of these modified chambers was sampled at the same 
time as the gas phase of the original chambers as described previously. 
8.3.3 Surface water sampling and calculation of gas transfer coefficient (kcalculated) 
Methane
 
and N2O surface water concentrations were measured at the three sampling sites in close 
distance to the floating chambers. Concentrations were also measured with a time shift of 1h 
between the sites and normalised to the same tidal stage as described previously for the emissions. 
The samples (n = 3) were taken 15 min before the chamber samples were taken at a water depth of 
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approximately 0.2 m. Samples of 6 mL were transferred into 12 mL glass vials (as described 
previously for gas samples) which were pre-flushed in the laboratory with ultra-high purity nitrogen 
gas (BOC, Brisbane, Australia) as described in Chapter 4.3.2. Gas chromatography was used to 
measure CH4 and N2O concentrations in the headspace of a vial containing the sample, after gas-
liquid equilibrium was established.  
The gas transfer coefficient k (kcalculated) for CH4 and N2O was calculated using Eq. (8-1) with the 
flux F measured with the floating chambers, Cw measured as described above, and Ceq calculated 
with the solubility equations of Yamamoto et al. (1976) (for CH4) and Weiss and Price (1980) (for 
N2O). The atmospheric CH4 and N2O concentrations were assumed to be 1.8 ppm and 0.32 ppm, 
respectively (IPCC 2007; Dawson and Spannagle 2009).  
8.3.4 Model-based prediction of the gas transfer coefficient (k = kwind + kcurrent) 
The gas transfer coefficient k was predicted using six wind-based (kwind) and five current-based 
(kcurrent) models (details in Appendix Table A.8-1). The outcomes of all models were used to 
determine the regression between the predicted k and kcalculated. Wind- and current-based models 
were added to predict k (k = kwind + kcurrent) (Chu and Jirka 2003; Borges et al. 2004b).  
 
The Schmidt number Sc is calculated during the determination of kwind or kcurrent for relating k of 
different gases. The Schmidt number Sc is most importantly gas- and temperature-specific (-2 to 
40 °C) but also accounts for the salinity (0-35 ppt) of water and was calculated for CH4 and N2O 
according to Wanninkhof (2014). Temperature was measured on-site with a thermometer and was 
between 17 and 19 °C at all sites over the tidal cycle. Salinity was determined with a portable 
refractometer (Extech Instruments Corp., Nashua, NH, USA) from all surface water samples after 
they were analysed for CH4 and N2O. The average salinity over the investigated tidal cycle was 
0.2 ppt in the upper, 15 ppt in the middle and 31 ppt in the lower reaches of the estuary.  
 
The required wind speeds for estimating of kwind were measured at each site with an anemometer 
(wind speed sensor (product no. 1733) from Adafruit Industries, LLC, NY, USA with LogBox 
(LogBox-AA Data Logger 64K IP65) from Novus Automation, Ilkley, UK), which logged wind 
speed every 2 s. The anemometers were positioned at a height of 1-2 m at all sites. The wind speeds 
used for the kwind calculations were averaged over 30 min intervals. To investigate if wind speed 
measurements from local weather stations could replace on-site measurements for the estimation of 
kwind, wind speed data was additionally obtained from closest off-site weather stations from the 
Bureau of Meteorology (2014a) (BoM) and The University of Queensland (2014). Data from the 
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BoM weather station Archerfield Airport (station w1, 27°39’17” S, 153°12’92” E, 13 m elevated), 
17 km away to the upper reach sampling point, was used to represent the wind speed. Data from the 
weather station at The University of Queensland (station w2, 27°29'46" S, 153°0'53" E, 42 m 
elevated) was used to represent the wind speed for the 4 km away sampling point in the middle 
reach. Data from the BoM weather station Brisbane Aero (station w3, 27°57’17” S, 153°00’78” E, 5 
m elevated), 8 km away to the lower reach sampling point, was used to represent the wind speed. At 
all sites, the wind speed was logged every minute. All wind speed measurements were normalised 
to a height of 10 m (U10) according to Crusius and Wanninkhof (2003), before being used in the 
calculation of kwind. 
 
Models for kcurrent estimation require the current speed and also the water depth. The required 
current speed was measured over 6 h on day 8 after the flux measurement, covering the current 
speed during the transition from just before mid tide to just after low tide at each site. The current 
speed at each site was measured with drifters (Appendix Fig. A.8-2) each equipped with a GPS 
logger (Holux M 241, Holux Technology Inc., Hsinchu, Taiwan). Three drifters were used per site 
to obtain a useful dataset. The drifters, consisting of plastic pipes (1 m length, 40 mm diameter) as a 
waterproof casing, were partly filled with sand and balanced to ensure that the upper part floated 
10 cm above the water surface. The lower end of the pipe was glued to a lid, whereas the upper end 
of the pipe was sealed with waterproof tape to the lid. The GPS logger was attached to the inside of 
the upper plastic pipe lid. The GPS logged and stored data every second in the lower and middle 
reaches and every 4 s in the upper reach for current latitude, longitude and time. The drifters were 
allowed to move all the time and were only repositioned when they drifted to one channel side and 
were hindered by obstacles such as trees. Representative current speeds were chosen for the site-
specific kcurrent estimation according to the tidal stage of each time point. The tidal level water depth 
was noted in close distance to the floating chambers at each sampling site and regularly over the 
tidal cycle. For this, a measuring tape was attached to a rigid pole and the distance between surface 
water and river bed was noted. The tidal levels in the upper reach were retrieved from the Bureau of 
Meteorology (2014b) (station 040812, Brisbane R at Moggill-1). 
8.3.5 Statistical analyses 
Data were analysed with the statistical analysis program Statistica version 12 (StatSoft Inc., Tulsa, 
OK, USA) using one-way analysis of variances. Categorical predictors were the sampling time 
steps, sampling sites or the chamber type (i.e. chamber measuring diffusive and ebullitive fluxes or 
chamber measuring diffusive fluxes only) and the continuous variables CH4, N2O or wind speed. 
Post-hoc tests were performed using Fisher’s LSD (least significant difference) Test (Zar 1984). 
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Data which failed to satisfy the assumptions of normality and homogeneity after being log 
transformed was tested using the non-parametric Kruskal-Wallis test. 
8.4 Results and discussion 
8.4.1 Measurement/monitoring results 
Total water-air CH4 (Fig. 8-2A) and N2O (Fig. 8-2B) emission ranges from the upper, middle and 
lower reaches are summarised in Table 8-1. During most measurements, CH4 emissions were the 
highest in the upper reach. A tidal pattern could be observed for the CH4 emissions measured in the 
middle and lower reaches with significantly higher (F7,16 = 17.9, P < 0.05) emissions just before or 
at slack tides (Appendix Fig. A.8-3A to A.8-3C). The highest N2O emissions could partly be found 
in the upper as well as middle reaches and the lowest were found in the lower reach. Nitrous oxide
 
emissions showed, in contrast to CH4, no clear pattern over the tidal cycle. Methane and N2O 
emissions were driven by diffusion as the results were not significantly different (P > 0.05) between 
the unmodified floating chamber, collecting diffusive and ebullitive fluxes, and the chamber with 
ebullition deflected (Appendix Fig. A.8-4). This implies that the measured fluxes can be used for 
the direct calculation of k (kcalculated), as explained in Chapter 8.3.3, which could then be compared 
with model-predicted k (kwind + kcurrent).  
Table 8-1: Total water-air CH4 and N2O flux ranges at the sampling sites in the upper, middle and lower reaches. Fluxes 
are given as an average ± SE, n = 3. 
Site CH4 flux ranges 
[µmol CH4 m-2 d-1] 
N2O flux ranges 
[µmol N2O m-2 d-1] 
Upper reach 234 ± 5 to 578 ± 44 4.2 ± 0.1 to 9.8 ± 0.5 
Middle reach 136 ± 17 to 420 ± 70  5.4 ± 0.7 to 8.9 ± 0.4  
Lower reach 138 ± 15 to 500 ± 55 3.5 ± 0.1 to 6.1 ± 0.6 
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Figure 8-2: Methane (A) and N2O (B) emissions measured in the upper, middle and lower reaches over the tidal cycle. 
The data are referenced to the tidal stage and each interval on the x-axes equals approximately 1.25 h. Fluxes are given 
as averages ± SE, n = 3. 
For the calculation of k from the chamber emission data, it is crucial to determine CH4 and N2O 
surface water concentrations as well as the surface water concentration that is in equilibrium with 
the air. The CH4 (Fig. 8-3A) and N2O (Fig. 8-3B) surface water concentration ranges in the upper, 
middle and lower reaches are summarised in Table 8-2. Methane concentrations in the upper and 
lower reaches were relatively stable over the tidal cycle (Appendix Fig. A.8-3A to A.8-3C) but 
significantly higher concentrations were found in the middle reach during low tide compared to 
high and mid tide (F7,16 = 429.3, P < 0.005) which were approximately twice the concentrations in 
the upper reach. When looking at CH4 concentrations during high to mid tide, an increase from the 
lower to the middle and also from the middle to the upper reach could be determined. The lowest 
N2O concentrations were measured in the lower reach. Comparable N2O concentrations were 
measured in the upper and middle reaches apart from significantly higher concentrations during low 
tide compared to high and mid tide (F7,16 = 96.8, P < 0.005) in the middle reach. These elevated 
N2O concentrations were twice as high as the concentrations measured during high and mid tide.  
Table 8-2: Methane and N2O surface water concentration ranges at the sampling sites in the upper, middle and lower 
reaches. Concentrations are given as an average ± SE, n = 3. 
Site CH4 surface water concentration 
ranges [nmol CH4 L-1] 
N2O surface water concentration 
ranges [nmol N2O L-1] 
Upper reach 235 ± 5 to 285 ± 3  15 ± 0.3 to 19 ± 2.0  
Middle reach 141 ± 4 to 646 ± 23 16 ± 0.7 to 29 ± 0.6 
Lower reach 83 ± 2 to 138 ± 7 11 ± 0.009 to 12 ± 0.6 
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Figure 8-3: Methane (A) and N2O (B) surface water concentrations measured in the upper, middle and lower reaches 
over the tidal cycle. The data are referenced to the tidal stage and each interval on the x-axes equals approximately 
1.25 h. Concentrations are given as averages ± SE, n = 3. 
The wind speed measured on-site (Fig. 8-4A) was the highest in the upper reach, which was more 
than twice of the speeds in the middle and upper reaches (Fig. 8-4A). The wind speeds in the middle 
and upper reaches were not significantly different (P > 0.05). However, the maximum wind speed 
in the upper, middle and lower reaches were 1.0 m s-1, 1.2 m s-1 and 2.7 m s-1, respectively. The 
wind speeds therefore fell in the categories of ‘low wind speed’ for the wind-based models of Liss 
and Merlivat (1986), Wanninkhof (1992) and Wanninkhof (2014) where low winds are defined as 
U10 ≤ 3 m s-1. The wind speed data obtained from the two off-site weather stations w1 and w3 
(Appendix Fig. A.8-5) exceeded the on-site wind speed measurements significantly (KW-H5,84 
= 74.2, P < 0.05) and even fell under the categories of intermediate wind speed for the wind-based 
models of Liss and Merlivat (1986), Wanninkhof (1992) and Wanninkhof (2014). The wind speed 
obtained from the off-site weather station w1 was on average 4.4 ± 0.1 m s-1; this was 
approximately 8 times higher than the average wind speed measured at the closest sampling site in 
the upper reach (0.6 ± 0.1 m s-1). The off-site weather station w2 measured average wind speed of 
1.6 ± 0.04 m s-1 which was not significant different (P > 0.05) to the average wind speed of the 
closest sampling site in the middle reach (0.8 ± 0.005 m s-1). The wind speed obtained from the off-
site weather station w3 was on average 5.3 ± 0.05 m s-1; this was approximately 3 times higher than 
the average wind speed measured at the closest sampling site in the upper reach (2.0 ± 0.01 m s-1). 
The results highlight the need to measure wind on-site. 
 
The current speed data measured at the upper, middle and lower reaches (Fig. 8-4B) varied both 
spatially and temporarily. Highest current speed was observed at mid tide and lowest or zero current 
speed just after low tide (see Appendix Fig. A.8-3D to A.8-3F for the tidal cycles). However, 
current speed in the upper reach did not show clear changes over the tidal cycle and was generally 
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low. The results for the current speed indicate that this parameter needs to be measured at every 
sampling site due to spatial variations, and the measurement needs to be conducted over the tidal 
cycle to capture the current dynamics.  
 
Figure 8-4: Wind speed measured on-site in the upper, middle and lower reaches after normalised for a height of 10 m 
(A). Wind speeds are given as 30 min averages ± SE, n = 900. Current speed measured in the upper, middle and lower 
reaches (B). The data are referenced to the tidal stage and each interval on the x-axes equals approximately 1.25 h. 
Current speeds are given as 15 min averages ± SE; n = 900 for the lower and middle reaches, n = 215 for the upper 
reach.  
8.4.2 Comparison of calculated (kcalculated) and model-predicted gas transfer coefficients 
based on wind and current speed models (kwind + kcurrent) 
Figure 8-5 shows the comparison between the calculated gas transfer coefficients kcalculated and the 
model-predicted gas transfer coefficients with all combinations of the wind-based and current-based 
models (kwind + kcurrent) over the investigated tidal cycle for CH4 and N2O. The calculated gas 
transfer coefficients for CH4 and N2O have a ratio of 2.0 (Appendix Fig. A.8-6), which is 
reasonably close to its theoretical ratio of 1.65. This indicates that the measured data were reliable. 
The calculated gas transfer coefficient for CH4 and for N2O ranged from 2 to 25 cm h-1, and from 1 
to 9 cm h-1, respectively, across the three sites (Fig. 8-5 and Appendix Fig. A.8-6).  
 
The kwind + kcurrent values predicted with 30 combinations of the six wind-based models and five 
current-based models are for each sampling site and time point summarized with a box plot (Fig. 8-
5). The average value of kwind + kcurrent for CH4 and N2O were approximately 2.3 to 3.3 cm h-1, 3.3 to 
4.9 cm h-1 and 3.8 to 4.6 cm h-1 in the upper, middle and lower reaches, respectively. Predictions of 
these average values for kwind + kcurrent showed deviations from kcalculated up to a factor of 2.8 for CH4 
and 1.5 for N2O in the upper reach, 1.6 for CH4 and 3 for N2O in the middle reach and 4 for CH4 
and 1.3 for N2O lower reach. Averages or in some cases whole ranges of kwind + kcurrent 
combinations were below kcalculated e.g. for CH4 in the upper reach or above the average of kcalculated 
e.g. for N2O in the middle reach. For N2O the averages of kwind + kcurrent were generally in better 
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agreement with the lower kcalculated values compared for CH4. The current study showed that the 
model combinations give highly variable results based on the variability in data and models and do 
not meet satisfactory results for k predictions in the Brisbane River estuary, highlighting that the 
models are site specific. No single model combination was totally satisfactory to quantify k for all 
of the three estuarine sampling sites (refer also to Appendix Fig. A.8-7 to A.8-12 for all single 
model combinations) although the overall ranges of all model combinations kwind + kcurrent for CH4 
in the middle reach and N2O at all sites covered kcalculated. This study highlighted that there is no 
single model and no single model combination which is suitable to predict k for the Brisbane River 
estuary. As an example, the model combination kwind + kcurrent which gave closest results to kcalculated 
for N2O was W92w + W84c in the upper reach (R2 = 0.2657), LM86w + LD67c in the middle reach 
(R2 = 0.4770) and RH06w + LD67c in the lower reach (R2 = 0.1732). Wind and current speed 
models were developed and verified for certain aquatic systems such as the southern North Sea 
(Nightingale et al. 2000) or the Scheldt Estuary (Borges et al. 2004b) which differ from the 
Brisbane River estuary and other systems in terms of e.g. water depth, tidal exchange or the location 
such as temperate regions or subtropical regions. The results stress that substantial errors can occur 
when calculating emissions with predicted k’s e.g. for estimating global greenhouse gas budgets 
based on generic models in certain aquatic systems. Caution is required when applying these 
models to aquatic systems other than the one it was verified for. It has been shown in previous 
estuarine studies that the formulation of k based on wind speed can be appropriate but is site 
specific and cannot be generalised for all estuarine environments (Kremer et al. 2003b; Borges et al. 
2004a). In highly variable estuaries as the Brisbane River estuary, model-based predictions for k 
would require a calibration of the model for all sites, which is not practical. This shows that direct 
measurements of CH4 and N2O emissions should be the preferred choice whenever possible. 
Surface floating chambers are an inexpensive and convenient method to quantify greenhouse gas 
emissions and capture spatial and temporal variations across estuaries. However, the TBL approach 
has the advantage that it is not limited in regard to spatial coverage like the floating chambers. If 
emissions should be predicted with the thin boundary layer approach, it is recommendable not to 
use a single model but a range of existing models to enable reporting the high uncertainties. 
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Figure 8-5: Comparison between the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and the 
predicted gas transfer coefficients with wind- and current-based models (kwind + kcurrent) over the tidal cycle for CH4 in 
the upper (A), middle (B) and lower (C) reaches, and N2O in the upper (D), middle (E) and lower (F) reaches. The data 
are referenced to the tidal stage and each interval on the x-axes equals approximately 1.25 h. kcalculated are given as 
averages ± SE with n = 3. kwind + kcurrent are presented as box plots. The boundaries of each box plot indicate the 25th and 
75th percentile, the line within the box marks the average and the error bars indicate the 10th and 90th percentiles. kwind + 
kcurrent box plots are based on 30 combinations of the six wind-based models of Borges et al. (2004b), Liss and Merlivat 
(1986), Nightingale et al. (2000), Ro and Hunt (2006), Wanninkhof (1992) and Wanninkhof (2014) and five current-
based models of Borges et al. (2004b), Langbein and Durum (1967), O'Connor and Dobbins (1958), Owens et al. 
(1964) and Wilcock (1984). 
8.4.3 Comparison of wind-model predictions (kwind) and current-model predictions (kcurrent) 
with kcalculated 
In several studies, emissions were predicted with k models based on wind only (Amouroux et al. 
2002; Kristensen et al. 2008; Zhang et al. 2008; Zhang et al. 2010) although for some estuaries the 
importance of current-based surface water turbulences has been recognised (e.g. Zappa et al. 2003; 
Borges et al. 2004a). However, current speed is relatively difficult to measure and this study 
showed that the measurements need to be conducted at several sites and also need to cover extended 
time periods in different tidal stages. For this reason, we investigated how well wind-based models 
perform in comparison to kcalculated for the Brisbane River estuary (Fig. 8-6). The predicted kwind is 
clearly below kcalculated for all three sampling sites and for both gases, CH4 and N2O, suggesting 
other factors (e.g. current) also influence the turbulences in the Brisbane River estuary. Further, the 
predicted kwind values are highly variable, indicating that the six commonly used models give very 
different predictions. Wanninkhof (2014) showed that the developed quadratic relationship for kwind 
will underestimate the gas transfer at low winds (U10 < 3 m s-1) due to effects, other than wind (e.g. 
chemical enhancement), influencing the gas transfer. Beaulieu et al. (2012) found that k was 
positively related to water currents and wind speed in a study of the Ohio River. However, current 
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speed was shown to contribute 46% to the gas transfer under low wind speeds at 0.5 m s-1 and 11% 
under higher wind speeds > 2 m s-1 (Beaulieu et al. 2012). Similar to these findings, Zappa et al. 
(2007) found in the Parker River Estuary that surface water turbulences at low wind speeds 
(< 2 m s-1) were tidal-driven and at high wind speeds (> 5.5 m s-1) wind-driven. These studies 
showed that the intensity of wind speed is important. The maximum wind speed in this study 
measured in the upper, middle and lower reaches were 1.0 m s-1, 1.2 m s-1 and 2.7 m s-1, 
respectively, thus falling into the category of low wind speeds by Wanninkhof (2014). Our data 
showed that the chosen models based on wind underestimate k. This could be the effect of low wind 
speed (U10 ≤ 3 m s-1) during this study, however, data from other measurements in the Brisbane 
River estuary (data not shown) showed that even with wind speeds of up to 10.8 m s-1, k was 
underestimated to a comparable extent. This indicates that wind-based models are in general not 
adequate to predict k, even at higher wind speeds. Wind fetch, which is the surface water distance 
over which the wind uninterrupted blows, has been suggested to explain some variability of k based 
on wind as another site specific factor contributing to water turbulences (Wanninkhof 1992; Borges 
et al. 2004a). The formation of waves is favoured by a long fetch, potentially leading to whitecaps 
which can enhance gas transfer by wind (Abril and Borges 2005). However, no whitecaps were 
observed during the monitoring of this study.  
 
Figure 8-6: Comparison between the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and the 
predicted gas transfer coefficients of wind-based models (kwind) over the tidal cycle for CH4 in the upper (A), middle (B) 
and lower (C) reaches, and N2O in the upper (D), middle (E) and lower (F) reaches. The data are referenced to the tidal 
stage and each interval on the x-axes equals approximately 1.25 h. kcalculated are given as averages ± SE with n = 3. kwind 
are presented as box plots. The boundaries of each box plot for kwind indicate the 25th and 75th percentile, the line within 
the box marks the average and the error bars indicate the 10th and 90th percentiles. kwind box plots are based on the six 
wind-based models of Borges et al. (2004b), Liss and Merlivat (1986), Nightingale et al. (2000), Ro and Hunt (2006), 
Wanninkhof (1992) and Wanninkhof (2014). 
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Figure 8-7 shows the comparison between the calculated gas transfer coefficients kcalculated and the 
gas transfer coefficients predicted with the current-based models (kcurrent) over the tidal cycle for 
CH4 and N2O. This study stresses that tidal currents in the investigated estuary are an important 
source for surface water turbulences. The high impact of kcurrent highlights that currents need to be 
included for the prediction of gas transfer coefficients in the Brisbane River estuary. The 
importance of currents contributing to k simultaneously with wind was also found in other estuarine 
or riverine studies. Borges et al. (2004b) developed an empirical relationship for k in the Scheldt 
Estuary accounting for wind and currents. Currents were shown to be a significant contributor to k, 
however, spatial and daily to seasonal variability in k were mainly caused by variable wind speeds 
(Borges et al. 2004b). Zappa et al. (2003) found gas transfer coefficients for CO2 varied between 2 
to 12 cm h-1 over an estuarine tidal cycle. The wind speed during the study was low (~ 2 m s-1) and 
current speed was shown to be an important factor for the turbulent transport of gases (Zappa et al. 
2003).  
 
Figure 8-7: Comparison between the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and the 
predicted gas transfer coefficients of current-based models (kcurrent) over the tidal cycle for CH4 in the upper (A), middle 
(B) and lower (C) reaches, and N2O in the upper (D), middle (E) and lower (F) reaches. The data are referenced to the 
tidal stage and each interval on the x-axes equals approximately 1.25 h. kcalculated are given as averages ± SE with n = 3. 
kcurrent are presented as box plots. The boundaries of each box plot for kcurrent indicate the 25th and 75th percentile, the line 
within the box marks the average and the error bars indicate the 10th and 90th percentiles. kcurrent box plots are based on 
the five current-based models of Borges et al. (2004b), Langbein and Durum (1967), O'Connor and Dobbins (1958), 
Owens et al. (1964) and Wilcock (1984). 
8.5 Conclusions 
Results of this study showed that substantial errors can occur when calculating emissions with 
predicted k’s based on generic models. Predicted kwind + kcurrent combinations were highly variable 
and the majority of combinations over- or underestimated k. Predictions of k based on wind alone 
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underestimated k for all sites and sampling times in the Brisbane River estuary. Turbulences in the 
surface waters due to tidal currents play an important role. No single current- or wind-based model 
and also no model combination was satisfactory to predict k for all of the three estuarine sampling 
sites although required measurements were conducted on-site and in high resolution over the tidal 
cycle. This shows that models which account for wind and currents might in general not be 
adequate to predict k and subsequently emissions in estuaries. The formulation of k based on wind 
speed or current speed can be appropriate for the system it was developed for but is site specific and 
should not be generalised across highly variable aquatic environments. In highly variable estuaries 
as the Brisbane River estuary, model-based predictions for k would require a calibration of the 
model for all sites, which is not practical. Therefore, direct measurements of CH4 and N2O 
emissions should be the preferred choice whenever possible in comparison to predictions using the 
TBL approach. If emissions should be predicted with the thin boundary layer approach, it is 
recommendable not to use a single model but a range of existing models to enable reporting the 
high uncertainties. More future research is needed to further assess processes influencing the gas 
transfer (such as wind speed, current speed, wind fetch, turbidity or rain) of CH4 and N2O from 
estuaries to achieve higher model accuracy when predicting emissions. 
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8.7 Appendix 
8.7.1 Water-air flux measurements with floating chambers 
 
Figure A.8-1: Schematic figure of the floating chamber used for direct water-air flux measurements. Diffusive and 
ebullitive fluxes captured without the use of the optional rigid steel wire and plastic shield. Diffusive fluxes only 
captured with the use of the optional rigid steel wire and plastic shield. Further description in Chapter 8.3.2. 
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8.7.2 Current speed measurements with GPS drifters 
 
Figure A.8-2: Drifters equipped with a GPS logger to measure the current speed. The drifter consisted of a plastic pipe 
(1 m length, 40 mm diameter) as a waterproof casing and was partly filled with sand and balanced to ensure that the 
upper part floated 10 cm above the water surface. The lower end of the pipe was glued to a lid, whereas the upper end 
of the pipe was sealed with waterproof tape to the lid. The GPS logger was attached to the inside of the upper plastic 
pipe lid. Three drifters were used at each site as shown on the photo. 
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8.7.3 Tidal level 
 
Figure A.8-3: Tidal levels during water-air flux measurements in the upper (A), middle (B) and lower (C) reaches and 
tidal levels during the current speed measurements in the upper (D), middle (E) and lower (F) reaches. The tidal levels 
were monitored locally. For (B) and (C) this was done with a measuring tape attached to a rigid pole and the distance 
between surface water and river bed was noted. For all others, water levels were retrieved from the Bureau of 
Meteorology (2014) from the stations 040812 Brisbane R at Moggill-1 (A and D), 540274 Oxley Ck Mouth (E) and 
540286 Breakfast Ck Mouth (F). 
8.7.4 Diffusive and ebullitive fluxes vs. diffusive fluxes 
 
Figure A.8-4: Methane (A) and N2O (B) water-air fluxes derived from two chamber types in the lower reach. One 
chamber type captured diffusive as well as ebullitive fluxes and one chamber type captured diffusive fluxes only. 
Fluxes are given as averages ± SE, n = 3. 
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8.7.5 Off-site wind speed measurements 
 
Figure A.8-5: Wind speed normalised to a height of 10 m (U10) and obtained from off-site weather stations. Wind 
speeds are given as 30 min averages ± SE, n = 30. 
8.7.6 Summary of the calculated gas transfer coefficients 
 
Figure A.8-6: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) for CH4 and 
N2O for the upper, middle and lower reaches. 
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8.7.7 Model-based prediction of the gas transfer coefficient (k = kwind + kcurrent) 
The gas transfer coefficient k was predicted using six wind-based (kwind) and five current-based 
(kcurrent) models (Table A.8-1). The models for kwind were from Borges et al. (2004b) (B04w), Liss 
and Merlivat (1986) (LM86w), Nightingale et al. (2000) (N00w), Ro and Hunt (2006) (RH06w), 
Wanninkhof (1992) (W92w) and Wanninkhof (2014) (W14w). The models for kcurrent were from 
Borges et al. (2004b) (B04c), Langbein and Durum (1967) (LD67c), O'Connor and Dobbins (1958) 
(OD58c), Owens et al. (1964) (O64c) and Wilcock (1984) (W84c). Models for kcurrent originally 
developed for streams (all used current-based models apart from Borges et al. (2004b)) were 
validated for estuarine systems by Borges et al. (2004a) and Zappa et al. (2003).  
Table A.8-1: Commonly used wind-based and current-based models to predict the gas transfer coefficient k.  
Reference Short  
name 
Expression of k (cm h-1) Developed 
for 
Wind-based models 
Borges et al. (2004b) B04w k
 
= (1.0 + 2.58 * U10) / (Sc(CO2) / 600)-0.5 * (Sc(CH4) / 600)-0.5 estuaries 
Liss and Merlivat (1986) LM86w k
 
= (0.17 * U10) * (Sc / 600)-0.66 (for U10 ≤ 3.6 m s-1) oceans 
  k = (2.85 * U10 - 9.65) * (Sc / 600)-0.5 (for 3.6 < U10 ≤ 13 m s-1)  
  k = (5.9 * U10 - 49.3) * (Sc / 600)-0.5(for U10 > 13 m s-1)  
Nightingale et al. (2000) N00w k
 
= (0.222 * U102 + 0.333 * U10) * (Sc / 600)-0.5 oceans, 
coastal seas 
Ro and Hunt (2006) RH06w k = 170.6 * U101.81 * (ρa / ρw)0.5 * Sc-0.5 open water 
bodies 
Wanninkhof (1992) W92w k
 
= (a * U102) * (Sc / 660)-0.66 for U10 < 3 m s-1   
a = 0.31 for short-term wind, a = 0.39 for long-term winds  
oceans 
 
 k
 
= (a * U102) * (Sc / 660)-0.5 for U10 > 3 m s-1  
a = 0.31 for short-term wind, a = 0.39 for long-term winds 
 
Wanninkhof (2014) W14w k
 
= (0.251 * <U102>) * (Sc / 660)-0.5 
recommended for intermediate wind U10 = 3 to 15 m s-1 
oceans 
Current-based models 
Borges et al. (2004b)  B04c k
 
= (1.719 * w0.5 * h-0.5) / (Sc(CO2) / 600)-0.5 * (Sc(CH4) / 600)-0.5 estuaries 
Langbein and Durum 
(1967) 
LD67c k = (5.13 * w1.33 * h-0.33) * (Sc / 600)-0.5 streams 
O'connor and Dobbins 
(1958) 
OD58c k = (1.829 * w0.5 * h-0.5) * (Sc / 600)-0.5 streams 
Owens et al. (1964) O64c k = (5.33 * w0.67 * h-0.65) * (Sc / 600)-0.5 streams  
Wilcock (1984) W84c k = (5.24 * w0.5 * h-0.5) * (Sc / 600)-0.5 streams 
With U10 = normalised wind speed to a height of 10 m (m s-1), Sc = Schmidt number (-), ρa = air density (kg m-3),  
ρw = water density (kg m-3), w = current speed (m s-1), h = water depth (m) 
 
8.7.8 Comparison of calculated (kcalculated) and model-predicted gas transfer coefficients 
based on wind and current speed models (kwind + kcurrent) 
Fig. A.8-7 to Fig. A.8-12 
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Figure A.8-7: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for CH4 in the upper 
reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984).   
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Figure A.8-8: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for N2O in the upper 
reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984).   
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Figure A.8-9: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for CH4 in the 
middle reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984).   
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Figure A.8-10: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for N2O in the 
middle reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984).   
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Figure A.8-11: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for CH4 in the 
lower reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984).   
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Figure A.8-12: Comparison of the calculated gas transfer coefficient kcalculated (calculated using Eq. (8-1)) and all used model combinations of kwind + kcurrent for N2O in the 
lower reach. Models for kwind: B04w - Borges et al. (2004b), LM86w - Liss and Merlivat (1986), N00w - Nightingale et al. (2000), RH06w - Ro and Hunt (2006), W92w - 
Wanninkhof (1992), W14w - Wanninkhof (2014). Models for kcurrent: B04c - Borges et al. (2004b), LD67c - Langbein and Durum (1967), OD58c - O'Connor and Dobbins 
(1958), O64c - Owens et al. (1964), W84c - Wilcock (1984). 
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Chapter 9: Thesis conclusions and future research 
9.1 Thesis conclusions 
In this thesis, CH4 and N2O emissions from a selected subtropical estuary (Brisbane River 
estuary) and a reservoir (Gold Creek Reservoir) in South East Queensland, Australia, were 
investigated and the sources and sinks of these gases in the selected waterways were 
identified. Improved methods which facilitate the accurate determination of CH4 and N2O 
emissions were established.  
9.1.1 Significant CH4 and N2O emissions from subtropical reservoirs and estuaries 
The Gold Creek Reservoir and Brisbane River estuary were shown to be significant emitters 
of CH4 and N2O. Average CH4 and N2O emissions in the Gold Creek Reservoir ranged 
between 6,300 and 258,535 µmol CH4 m-2 d-1 and between 0.7 and 2.9 µmol N2O m-2 d-1, 
respectively. The average annual emissions from the 0.19 km2 surface area of the creek were 
estimated to be 7-286 t CH4 yr-1 (237-9,753 t CO2 eq yr-1) for CH4 and 0.002-0.009 t N2O yr-1 
(0.7-2.6 t CO2 eq yr-1) for N2O. Methane emissions in the Gold Creek Reservoir were 
dominated by the ebullition pathway (60 to 99%) from the sediments, in comparison to 
emission by diffusion. However, N2O emissions were primarily through the diffusive pathway 
(> 80%), driven mainly by diffusive flux and a minor contribution of ebullitive fluxes. 
 
Average CH4 and N2O emissions in the Brisbane River estuary ranged between 136 and 
2,603 µmol CH4 m-2 d-1 and between 3.5 and 25.2 µmol N2O m-2 d-1, respectively. The 
average annual emissions from the 19 km2 surface area were estimated to be 15-288 t CH4 yr-1 
(513-9,820 t CO2 eq yr-1) for CH4 and 1.1-7.7 t N2O yr-1 (318-2,291 t CO2 eq yr-1) for N2O. 
Surface water concentrations and surface water turbulences by e.g. tidal currents and wind 
determine emissions at the water-air interface. Tidal currents and concentrations played an 
important role in explaining CH4 emission variations, whilst the wind was not the dominant 
force influencing the overall pattern of emissions from the Brisbane River estuary. Methane 
emissions were lowest just after high tides where the current speed in this system was shown 
to be lowest too. Further, the current speed was shown to be highest at mid tide and still high 
just before slack tides where also CH4 emissions were highest. For N2O, data indicated that 
the combination of factors such as concentrations, current and wind speed drive N2O 
emissions without a clear dominant factor being identified. Methane which was mainly driven 
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by ebullition in the reservoir was shown to be driven by diffusion in the estuary as it was also 
found for N2O. 
 
The areal emission of CH4 was up to two orders of magnitude higher in the reservoir 
compared to the estuary. Methane production in the estuary is limited to the sediments, 
whereas CH4 in the reservoir can originate from the sediments and from the anoxic bottom 
water. Further, the estuary experiences tidal currents, which impact the water body’s 
movements resulting in oxic conditions favouring CH4 oxidation. In contrast, the areal 
emission of N2O was shown to be higher from the estuary. Higher N2O emissions from the 
estuary likely resulted from high nutrient loadings contributed by human activities e.g. 
through the use of fertilizers on surrounding land or from sewage discharges. The importance 
of N2O emissions relative to CH4 is evident, as the annual emissions expressed as CO2 
equivalents are of similar magnitude.  
9.1.2 Sources and sinks of CH4 and N2O from subtropical reservoirs and estuaries 
Methane concentrations in the Gold Creek Reservoir were highest in the anoxic zones of 
hypolimnion (600 ± 28 µmol CH4 L-1) and sediment pore waters (129 ± 32 µmol CH4 L-1) in 
comparison to the metalimnion and epilimnion. Sediment incubations verified CH4 
production within the sediments. Thus, the observed CH4 efflux from the sediments and the 
high pore water concentrations are causing the high CH4 concentrations observed in the 
hypolimnion. The epilimnion was likely a sink for CH4 as indicated by the three orders of 
magnitude lower concentrations than those detected in the hypolimnion. In contrast, the 
measured profiles showed that the epilimnion and the metalimnion were sources for N2O 
(0.017 ± 0.001 µmol N2O L-1 and 0.023 ± 0.004 µmol N2O L-1, respectively). The Gold Creek 
Reservoir is a freshwater system with standing water. It is surrounded by a steep, forested 
catchment and receives high amounts of organic matter throughout the year. The water 
column is generally highly stratified and was only oxygenated in the upper 2 m of the surface 
water during the thesis study. Surface water turbulences are mainly driven by wind and not by 
interaction of bottom flow with the sediments. The anoxic sediments but also the hypolimnion 
favour CH4 production by methanogenesis. The majority of the high CH4 emissions in the 
reservoir were potentially driven by the substantial amounts of organic matter which the 
reservoir receives all year long from the forested catchment. The organic matter settles into 
the anoxic water column on the sediment bed, here favourable conditions for the degradation 
of the organic matter by methanogens and CH4 production occurs. Elevated N2O 
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concentrations in the oxic zones (epilimnion and metalimnion) relative to the anoxic zones 
(hypolimnion or sediments) indicated that nitrification is the predominant pathway for N2O 
production. 
 
For the Brisbane River estuary, sediments and creeks were detected as sources for both CH4 
and N2O. The oxic water column was shown to be a sink for CH4 and neither a sink nor a 
source for N2O. The Brisbane River estuary water column is oxygenated throughout the year 
from the surface water to the sediment bed. This means that the oxic zones are present in the 
water column and the surface sediments, and anoxic zones predominate in the sediments only. 
Methane production by methanogenesis is thus limited to the sediments, whereas N2O can be 
produced under oxic conditions through nitrification, or at oxic-anoxic boundaries as an 
intermediate of denitrification. No N2O production via nitrification was found in the oxic 
water column. 
9.1.3 Spatial and tidal variations in CH4 and N2O emissions from subtropical 
reservoirs and estuaries 
Methane emissions showed high spatial variability across the investigated sites in the Gold 
Creek Reservoir, whereas N2O emissions were low in variability across the same sites. The 
highest CH4 emissions (258,535 ± 37,087 µmol CH4 m−2 d−1) were measured at sites located 
next to the main water inflow point of the reservoir, which were likely driven by high 
amounts of organic matter entering the reservoir at these sites compared to sites further from 
the inflow point. 
 
The spatial variability of CH4 emissions between the middle and lower reaches of the 
Brisbane River estuary was not pronounced. The CH4 emissions in the upper reach were on 
average slightly higher than the emissions in the middle and lower reaches. Nitrous oxide 
emissions were lower in the lower estuarine reach but comparable between sites situated in 
the middle and upper reaches. However, significant differences in CH4 and N2O emissions 
were observed over a tidal cycle at all sites and over the two year sampling period (with the 
maximum to minimum flux ratio in a cycle varying between 2.5-9 for CH4 and 1.7-4.7 times 
for N2O), but these variations differed along the estuary. Methane emissions in the middle and 
lower reaches were elevated just before or at slack tides with high CH4 concentrations at low 
tide due to high current speed, low water dilution with bay water and a small water volume 
above the sediments. Variations in CH4 emissions in the upper reach were not pronounced 
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over the tidal cycle as strong current speeds and water column mixing are not occurring here. 
No clear tidal pattern was observed for N2O emissions at none of the three sites. The overall 
weak dependency of N2O emissions on the tidal cycle could be related to the low saturation of 
N2O (between 125 and 411%) and thus a low driving force for the gas transfer. 
9.1.4 Accuracy of the Exetainer method to determine dissolved and gaseous CH4 and 
N2O concentrations 
Methane and N2O in liquid and gaseous samples from aquatic systems cannot be determined 
accurately when using commercially available, pre-evacuated Exetainers as measurement 
vials. These vials were found to have an incomplete vacuum with variable residual air 
pressure between batches and within the same batch. This leads to significant sample 
contamination and high-levels of uncertainties in the measurements. After modifying the 
method of the Exetainer vials, the background CH4 and N2O concentrations were significantly 
reduced to approximately 3-4% of their respective concentrations in air and the vials could be 
used for the gas measurements. Use of these vials was important as they are cost efficient, 
they enable high sample throughput by using an autosampler with gas chromatography, and 
provide convenient sample storage.  
9.1.5 Appropriate methods to capture CH4 and N2O emissions in estuaries 
The gas transfer coefficient was used for CH4 and N2O emission estimates with the thin 
boundary layer approach. However, satisfactory results, based on common current-based 
and/or wind-based models, were not obtained in comparison to calculated coefficients derived 
from direct floating chamber measurements. This showed it was important to choose a 
method which adequately captures the variability of emissions in estuarine systems like the 
Brisbane River and that the thin boundary layer approach is not capable to do this. Further, it 
was found that CH4 and N2O emissions show high variability over the tidal cycle, over the 
two different years and between the sites. Sampling to adequately determine CH4 and N2O 
emission in an estuary should therefore capture tidal and spatial emission variations. This 
could be achieved by sampling over the tidal cycle in different estuarine sections, throughout 
the seasons and over different years. 
9.1.6 Sampling recommendations for GHG emissions in reservoirs and estuaries 
A more consistent global sampling for measurement of GHG emissions is required. Current 
emission estimates are associated with high variability, yet this could be a consequence of 
estimations being derived by using a variety of existing models. These model estimates may 
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include high uncertainties when the main drivers for the surface water turbulences are not 
included and the gas transfer coefficient for the thin boundary layer approach is not 
adequately calculated. A GHG measurement guideline does exist for freshwater reservoirs 
(IHA 2010), however, the majority of sampling recommendations is for CH4 and CO2, not for 
N2O. Also there is no guideline for GHG measurements in estuarine systems. This thesis 
provides several suggestions to greatly improve the sampling for GHG measurement from 
reservoir and estuarine water bodies. 
As a basis for all studies, the method chosen for GHG sampling and measurement, needs to be 
reliable. When using Exetainer vials for GHG sampling and measurement, it needs to be 
ensured that samples are not contaminated by residual air. Furthermore, this thesis showed 
that an adequate sampling is required to assess CH4 and N2O emissions from reservoirs and 
estuaries. Firstly, future GHG monitoring campaigns in reservoirs and estuaries should cover 
the aquatic system with an appropriate spatial resolution. This means for reservoirs to include 
sites located near the main water inflow points of the reservoir, within the side arms and the 
main water body. As emissions by ebullition can be higher at shallow sites (≤4 m) (shown by 
this study and others, e.g. Bastviken et al. (2004)), monitoring should include sites at various 
depths and include shallow sites. For estuaries, the sampling should cover different estuarine 
sections. These sections should at least contain one site which is highly impacted by the tides 
with a major shift in water body composition by dilution with bay water, one site which is still 
impacted by the tides but receives the majority of water from upstream reaches and creeks and 
one site which is located at the tidal limit and mainly receives water from upstream freshwater 
reaches with no dilution of bay water. Secondly, single point measurements in estuarine 
systems should be avoided and sampling instead be conducted over at least one tidal cycle. 
For estuaries similar to the Brisbane River estuary, bottom flow-generated turbulences play an 
important role generating surface water turbulences. Methane and N2O emissions as well as 
concentrations, wind speed and current speed, were shown to be highly variable over the tidal 
cycle. Relatively stable CH4 and N2O concentration results at sites situated at the tidal limit 
indicate that a high frequency measurement might be less needed at such sites in comparison 
to sites which are more affected by tidal currents. Thirdly, sampling of CH4 and N2O 
emissions from estuaries and potentially also reservoirs should be repeated over different 
years to monitor interannual variations. As emissions and concentrations were also described 
to vary over seasons (Musenze et al. 2014), sampling over seasons should be included. This 
thesis found that monitoring efforts in reservoirs should additionally focus on the pathway of 
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ebullition for CH4 as this is likely the most dominant pathway for CH4. This is especially 
important at shallow reservoir sites as the lower hydrostatic pressure favours active ebullition. 
However, ebullition was also shown to be the dominant pathway for CH4 emissions from the 
deeper sampling sites (up to 10 m depth) in this study. Hence, in systems where ebullition is 
dominant it is recommendable to measure total CH4 emissions with floating chambers and not 
to use the thin boundary layer approach which estimates diffusive emissions only. For N2O, 
however, assessing only diffusive fluxes is likely sufficient. Direct emission measurements of 
CH4 and N2O by floating chambers in estuaries should be the preferred choice whenever 
possible in comparison to emission estimates using the thin boundary layer approach. When 
conducting direct emission measurements in estuaries, attention needs to be paid so that all 
deployed floating chambers are exposed to the currents and not sheltered from those. Model-
based predictions for emissions require a calibration of the model for all study sites in highly 
variable estuaries in case the model was not established in the same system. Otherwise, when 
predicting emissions with the thin boundary layer approach, it is recommendable not to use a 
single model but a range of existing models to enable reporting uncertainties. 
9.2 Future research 
Findings of this thesis confirm that man-made reservoirs and modified estuaries can be 
sources of CH4 and N2O with high spatial and tidal variability in emissions of these gases. 
Current CH4 and N2O emission estimates are mostly derived from aquatic systems located in 
temperate regions with much less information available from tropical regions. Additionally, 
the majority of the tropical region emission data is derived from the Northern Hemisphere 
(Law et al. 1992; St. Louis et al. 2000; Ortiz-Llorente and Alvarez-Cobelas 2012). Future 
research should include subtropical or tropical areas, especially from the Southern 
Hemisphere, to verify the findings of this thesis and better quantify CH4 and N2O emissions 
from aquatic waterways. Studies of CH4 and N2O from subtropical or tropical aquatic systems 
can provide insight into the possible impacts that a warming climate will have on temperate 
aquatic systems. Surprisingly, the majority of existing studies do not analyse the contribution 
of N2O, despite N2O having a higher GWP than CH4. This thesis showed that estuarine N2O 
emissions could be comparable to CH4 emissions when expressed as CO2 equivalents and 
should not be neglected. More information from subtropical or tropical areas, especially from 
the Southern Hemisphere, is needed to understand the sources and sinks of CH4 and N2O to 
account for their resulting emissions and achieve more precise global emission estimates.  
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Approximately 40% of reservoirs (listed in ICOLD - International Commission on Large 
Dams) were estimated to be located in tropical climate regions in 1998 (St. Louis et al. 2000). 
An increasing number of large reservoirs were and are being constructed to meet growing 
water demands, particularly in subtropical and tropical regions. The newly constructed 
reservoirs will further increase the surface area of reservoirs in these regions, and this 
highlights the importance to account for CH4 and N2O emissions from these reservoirs. This 
study of the Gold Creek Reservoir showed that CH4 was the dominant gas compared to N2O 
even when expressed as CO2 equivalents. However, N2O emissions were much lower than 
those reported in other reservoirs experiencing similar climates, stressing the high variability 
in N2O emissions and that these should generally not be neglected. For new reservoirs, GHG 
balances should be conducted prior to the reservoir construction and after inundation over the 
reservoir’s lifetime, to allow quantification of the reservoir’s net emissions and account for 
the anthropogenic perturbation due to construction of the reservoir. It is shown that CH4 
emissions tend to decline with the reservoir age (Galy-Lacaux et al. 1999; Abril et al. 2005; 
Barros et al. 2011). However, CH4 fluxes from the relatively old Gold Creek Reservoir 
(completed in 1885) and Little Nerang Dam (completed in 1962), also situated in South East 
Queensland (Chapter 3), showed higher CH4 emissions rates than the younger reservoirs. This 
suggests that reservoir age is potentially not an important parameter affecting CH4 emissions 
in systems similar to Gold Creek Reservoir (e.g. exposed to similar temperatures and organic 
matter input) and monitoring should not be neglected throughout the reservoir’s ageing 
process. It is likely that bursts of high organic loadings as experienced in these systems would 
allow the ebullitive pathways for CH4 emissions to persist and maintain high fluxes over time.  
Methane and N2O emissions were shown to have high spatial and tidal variations in the 
Brisbane River estuary. The observed variations in CH4 and N2O emissions were due to 
changing conditions such as altering the current speed, mixing of different water bodies or 
fluctuating water volumes at the study sites along the estuary. These conditions would be 
more distinct in estuaries with a greater tidal reach. Anthropogenic channel modifications, as 
commonly carried out for ship navigation and port development, can lead to an increased tidal 
limit and tidal prism due to channel dredging, widening, straightening and hardening (Eyre et 
al. 1998; Hossain et al. 2004). The Brisbane River estuary includes channel modifications and 
altered catchment usage and is classified as a modified estuary. This is in contrast to estuaries 
classified as near-pristine, where the physical and ecological processes are not significantly 
altered by humans e.g. no changes to the tidal regime, and the natural vegetation cover of the 
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estuarine catchments is > 90% (Murray et al. 2006). Australian estuaries occupy a relatively 
large surface area of over 38,000 km2 and the majority of these estuaries are modified (Fig. 9-
1 and Geoscience Australia (2014)). Further research is needed in regard to estuarine 
emissions to account for them in national and global emission estimates. Future research 
could focus on modified estuaries to further investigate the impacts of a greater tidal reach 
along estuarine gradients. Additionally, near-pristine estuaries require investigation and these 
are interesting as they are potentially shallower and receive higher amounts of organic matter 
due to the high natural vegetation cover in the catchment. 
 
Figure 9-1: Australian estuaries which are categorised as modified, extensively modified or largely unmodified 
(red circles) and near pristine (green circles) by Geoscience Australia (2014). 
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